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PREFACE 


This  report  describes  a  study  of  2,4,6-trinitrotoluene  (TNT)  soil  sorp¬ 
tion  and  plant  uptake,  Tha  study  was  conducted  by  the  Environmental  Labora¬ 
tory  (EL)  of  the  US  Army  Enginaar  Waterways  Experiment  Station  (WES) , 
Vicksburg,  MS.  Tha  soils  portion  of  the  research  was  sponsored  by  the 
Department  of  the  Army  In-House  Laboratory  Independent  Research  (ILIR)  Program 
for  FY  86  and  87,  under  ILIR  Project  Mo.  4A161101A91D.  The  plant  portion  of 
the  research  was  conducted  by  EL  for  the  US  Army  Biomedical  Research  and 
Development  Laboratory  (USABRDL),  Fort  Datrick,  Frederick,  MD,  The  plant 
uptake  research  was  authorised  by  Intra-Army  Order  Mo.  82X12032,  Change  4, 
dated  12  February  1985.  This  report  was  accepted  by  Louisiana  State 
University  in  partial  fulfillment  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy 'in  the  Department  of  Marine  Cciencas  in  August  1988. 

The  study  was  conducted  by  Dr,  Judith  C.  Pennington  of  the  Plant 
Bioasaay  Team  at  the  WES.  Team  Leader  for  the  Plant  Bioassay  Team  during 
the  study  was  Dr.  Bobby  L.  Folsom,  Jr.  The  study  was  conducted  under  the 
general  supervision  of  Dr,  Charles  R,  Lee,  Chief,  Contaminant  Mobility  and 
Regulatory  Criteria  Group,  Mr,  Donald  L.  Robey,  Chief,  Ecosystem  Research 
and  Simulation  Division,  and  Dr,  John  Harrison,  Chief,  EL.  Dr.  Howard  T. 
Bausum  USABRDL,  was  Project  Manager  for  the  plant  uptake  portion  of  the 
study. 

COL  Dwayne  G,  Lee,  EN,  was  the  Commander  and  Director  of  WES, 

Dr,  Robert  W,  Whalin  was  Technical  Director, 

This  report  should  be  cited  as  follows: 

Pennington,  Judith  C,  1988.  "Soil  Sorption  and  Plant  Uptake  of 
2,4,6-Trlnltrotoluene,"  Technical  Report  EL-88-12,  US  Army  Engineer 
Waterways  Experiment  Station,  Vicksburg,  MS. 


i 


Accession  For 
MTl's*'- ORAAI 

DT1C  TAB 
Unannounasd 
Juatif luaticn 


By - - - - - 

Mstributiott/ _ 

Availability  Codas 


Dl  at 


Avail  aod/or 
Spsoial 


□  O 


ACKNOWLEDGEMENTS 


My  greatest  dobt  of  gratitude  belongs  to  my  husband,  Jim,  who 
navar  faltered  In  hla  confidence  that  uy  program  would  be  completed 
successfully.  The  many  sacrifices  he  made  and  his  ready  acceptance  of 
many  of  my  responsibilities  provided  me  with  both  the  time  and  the 
encouragement  that  X  needed.  X  am  also  grateful  to  my  two  daughters, 
Jennifer  and  Cathy,  for  accepting  my  goal  and  for  adapting  cheerfully 
to  the  changes  It  caused  in  their  lives. 

I  gratefully  acknowledge  Dr.  William  H.  Patrick,  Jr.,  chairman  of 
my  graduate  committee,  for  his  guidance  while  I  was  pursuing  course  work 
and  conducting  the  research.  A  special  thanks  to  Dr.  Robert  P.  Gambrell 
for  technical  advice.  Especially  helpful  for  their  critical  review  of 
the  manuscript  were  committee  members:  Drs.  Jeffrey  S.  Manor,  Robert  P, 
Gambrell,  Irving  A.  Mendelaeohn,  Samuel  P,  Meyers,  and  James  P,  Geaghan, 
I  wish  to  thank  those  at  the  Waterways  Experiment  Station  who 
participated  In  my  selection  for  the  Long-Term  Training  Program, 
especially  Drs.  Robert  W.  Whalin,  Technical  Director,  and  John 
Harrison,  Chief,  Environmental  Laboratory,  X  also  thank  Mr.  Donald  L, 
Robey,  my  division  chief,  and  Dr.  Bobby  L,  Folsom,  my  team  leader,  for 
their  continuous  encouragement  and  confidence  in  mo. 

For  patient  assistance  with  statistics,  1  would  like  to  thank  Mr. 
Dennis  L.  Brandon.  For  frequent  consultation  and  reassurance,  I  thank 
Dr.  James  M.  Brannon,  Others  to  whom  I  am  grateful  for  help,  wit,  and 
advice  are  Mrs.  Cynthia  Teeter,  Mr.  Mark  Cooper,  Ms  Gail  Chmura,  Ms 
Barbara  Kleiss,  and  Mrs,  Carole  Brown. 


ii 


CONTENTS 


£j&gfi 

PREFACE .  i 

ACKNOWLEDGEMENTS . 11 

LIST  OP  TABLES . Iv 

LIST  OP  FIGURES . vl 

PART  I :  INTRODUCTION . * . .  i .  1 

Background . . . I 

Objectives.. . S 

PART  Hi  LITERATURE  REVIEW . 6 

Chemical  and  Explosion  Properties .  6 

TNT  Manufacture. . .  8 

Degradation  Meohanlama  and  Products .  10 

Microbial  Degradation  and  Conplexing . 13 

Toxicology . . . .  16 

Waste  Treatment  and  Disposal . 17 

PART  III:  MATERIALS  AND  METHODS .  20 

Adsorption  and  Desorption  of  TOT  by  Soils  from  Selected 

AAPs .  20 

Adsorption  and  Desorption  of  TOT  Under  Controlled  pH  and 

Redox  Potential . 32 

Degradation  of  TNT  Under  Oxidised  and  Reduced  Conditions, ,  35 

Plant  Uptake  of  TNT,  4ADNT,  and  2ADNT . . .  39 

PART  IV:  RESULTS  AND  DISCUSSION .  56 

Adsorption  and  Desorption  of  TNT  by  Soils  from  Selected 

AAPs .  56 

Effects  of  pH  and  Redox  Potential  on  Adsorption  and 

Desorption  of  TNT . 82 

Degradation  of  TNT  Under  Oxidized  and  Reduced 

Conditions . 92 

Plant  Uptake  of  TNT,  4ADNT ,  and  2ADNT .  95 

PART  V:  CONCLUSIONS . . .  128 

REFERENCES .  130 

APPENDIX  A:  STANDARD  CURVES .  139 

APPENDIX  B:  ISOTHERMS .  169 


LIST  OF  TABLES 


£ !£U 
1 
2 

3 

4 

5 


6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


19 

20 
21 


22 

23 

24 

25 

26 


27 


Volatility  of  TNT  at  Three  Temperatures . 

Photodecomposition  Products  o£  TNT . 

US  Soil  Conservation  Service  Soil  Types  of  AAP  Soils . 

Chemical  and  Physical  Characteristics  of  AAP  Soils . 

Potential  Interferences  of  Compounds  Extracted  from  an 
Uncontaainated  Clay  Soil  on  TLC  Analysis  of  TNT  and  Its 

Degradation  Products . . . 

Rf  Values  for  TNT,  4ADNT,  and  2ADNT  Migrated  in  Three 

Solvent  Systems . . . 

Rf  Values  of  Standard  Compounds  in  Two  Benzene/Ethyl 

Acetate  Solvent  Systems . . . . 

Rf  Values  for  Soils  Showing  Fluorescence  on  TLC  Plates... 
Adsorption  Coefficients  for  Each  Soil  to  Solution  Ratio., 
Equivalent  Concentrations  of  TNT  in  Soil  and  Solution 

After  Adsorption  of  Five  Concentrations  of  TNT . 

Estimated  Regression  Parameters  for  Adsorption  Data . 

R- Square  Values  for  Four-Point  Adsorption  Isotherms . 

Pearson  Correlation  Values  for  Adsorption  K4  Values 

with  Soil  Properties . . . . . 

Equivalent  Concentrations  of  TNT  In  Soil  and  Solution 

After  Each  of  Three  Sequential  Deaorption  Cycles . 

Estimated  Regreaelon  Parameters  for  Desorption  Data, , , . 

TNT  Adaorbad  and  Desorbed  by  AAP  Soils . . . . . 

K(j  Valuas  for  Adsorption  and  Deaorption  of  TNT  on  AAP 

Soils . 

Equivalent  Concentrations  of  TNT  In  Joliet  AAP  Soil 
Incubated  Under  Selected  Conditions  of  pH  and  Redox 
Potential  After  Adsorption  of  Five  Concentrations 

of  TNT . 

Estimated  Regression  Parameters  for  Adsorption  of  TNT 
Under  Selected  Conditions  of  pH  and  Redox  Potential,,., 
Kd  Values  for  Adsorption  and  Desorption  of  TNT  Under 

Selected  Conditions  of  pH  and  Redox  Potential . 

Equivalent  Concentrations  of  TNT  in  Joliet  AAP  Soil  Under 
Selected  Conditions  of  pH  and  Redox  Potential  After 

Three  Sequential  Desorption  Cycles . 

R-Square  Values  for  Line«r  Regression  Analysis  of  Soil  at 

Each  Eh  and  pH . . . . . . 

Amounts  of  TNT  Adsorbed  and  Desorbed  by  Joliet  AAP  Soil 
Under  Selected  Conditions  of  pH  and  Redox  Potential.... 
Degradation  of  TNT  Under  Oxidized  and  Reduced 

Conditions . . 

Chemical  and  Physical  Characteristics  of  Test  Soils . 

Percent  Recoveries  of  and  Equivalent  Concentrations 
of  TNT  and  4ADNT  in  Silt  and  Clay  from  the  Soil 

Homogeneity  Teat.  , .  . .  . . . . 

Percent  Recoveries  of  **C  and  Equivalent  Concentrations 
of  TNT  Extracted  from  [ ^CJTNT-Treated  Silt  and  Clay 
with  Four  Solvents . . . 


Pag 

7 

12 

57 

58 


59 

59 

60 
61 
62 

69 

71 

74 

75 

77 

78 

79 

81 


83 

84 

85 


89 

91 

91 

93 

95 


96 


97 


iv 


28  Recovery  of  *4C  from  Siphoned  Water . 

29  ^4C  Analysis  of  Extracts  of  TNT-  and  4ADNT- Treated  Silt 

and  Clay  Sampled  20  and  63  Days  After  Soil  Treatment.,. 

30  Recovery  of  from  Silt  Containing  Adsorbed  [^c]TNT 

for  Determining  Carbon  Train  Efficiency . ,. . 

31  Recovery  of  14C  from  Clay  Containing  Adsorbed  [ *4C ] TNT 

for  Determining  Carbon  Train  Efficiency . 

32  Carbon  Train  14C  Analysis  of  TNT*  and  4ADNT-Treated 

Silt  and  Clay  Sampled  20  and  63  Days  After  Soil 
Treatment . . . . 

33  Comparison  of  Percent  14C  Recovered  by  Extraction 

and  by  Carbon  Train . . . . 

34  GLC  Analysis  of  T20  Soils . 

33  GLC  Analysis  of  T6S  Soils . . . 

36  Percent  Recoveries  of  Spikes  from  Selected  Soil  Samples 

by  GLC  Analysis . . . . . . 

37  Percent  Recoveries  of  Original  Treatment  Levels  as  a 

Sum  of  All  Compounds  Detected  by  GLC. . 

38  Comparison  of  HPLC  and  GLC  Results  from  Selected  T20 

Soils . 

39  Plant  Yields . . . 

40  Results  from  Extraction  of  Plants  Grown  in 

[14c] tnt. Treated  and  in  Untreated  Clay  Using  Four 
Solvents . . . . . 

41  J4C  Analysis  of  Two*Gram  Plant  Samples . 

42  14C  Analysis  of  All  Remaining  Plant  Material . 

43  GLC  Analysis  of  Plants . . . . . 


Page 

98 

99 
102 
104 


105 

106 

109 

110 

114 

113 

116 

117 


118 

119 

120 
121 


LIST  OF  FIGURES 


No.  Page 

1  General land  Industrial  process  for  the  manufacture 

of  TNT .  9 

2  Proposed  mechanism  for  microbial  degradation  of  TNT .  IS 

3  US  Army  munitions  facilities  having  confirmed  or 

potential  TNT  contamination. . . . . .  21 

4  Laboratory  apparatus  for  controlling  pH  and  redox 

potential  in  soil  slurries .  . .  33 

5  Twin  shell  soil  blender .  42 

6  Plant  bloassay  experimental  unit . 43 

7  Carbon  train .  48 

8  Adsorption  kinetics  curves  for  TNT  in  soil  from 

Joliet  AAP  using  three  concentrations  of  TNT  in 

aqueous  solution. . . 63 

9  Adsorption  kinetics  curves  for  TNT  in  soil  from 

Louisiana  AAP  using  three  concentrations  of  TNT 

in  aqueous  solution..... .  64 

10  Desorption  kinetics  for  TNT  in  soil  from  Joliet  AAP .  66 

11  Desorption  kinetics  for  TNT  in  soil  from  Louisiana  AAP. , .  67 

12  Joliet  AAP  data  plotted  with  three  isotherm  models .  72 

13  Newport  AAP  data  plotted  with  three  isotherm  models .  73 

14  Linear  sequential  desorption  isotherm  for  Joliet  and 

Newport  AAP  soils . 80 

15  Adsorption  Isotherms  for  Jollot  AAP  soil  Incubated  under 

oxidised  conditions  end  pH  5.0,  6.5,  and  8.0..,..  . .  87 

16  Adsorption  isotherms  for  Joliet  AAP  soil  incubated  under 

reduced  conditions  and  pH  3.0,  6.5,  and  8.0 .  88 

17  Carbon  train  efficiency  curve  for  silt  soil . . .  101 

18  Carbon  train  efficiency  curve  for  clay  soil . . .  103 


vi 


PART  I :  INTRODUCTION 


Bicketound 

2, 4, 6 -Trinitrotoluene  (TNT)  waa  mantionad  in  tha  litarature  aa 
aarly  as  1863  (Urbanaki  1964)  and  induatrial  polaoning  of  munitlona 
workara  by  TNT  waa  mentioned  by  Hamilton  aa  aarly  aa  1921.  During  World 
War  II,  fivs  Army  Ammunition  Plants  (AAPa)  manufacturad  TNT  and 
approximataly  25  load,  aaaambla,  and  pack  plants  (also  callad  AAPa) 
loaded  bomba  and  shells  with  axploaivaa  including  TNT.  Prior  to  1968, 
TNT  waa  manufactured  in  tha  US  by  a  batch  process  that  produced 
axcaaaiva  volumes  of  waste  affluent.  These  effluents  as  wall  as  wash 
water  from  munitions  loading  ware  discharged  directly  into  local  streams 
or  into  settling  lagoons.  In  1968,  tha  Department  of  tha  Army  (DOA) 
adopted  a  modified  manufacturing  process,  the  contlnuouo  flow  method, 
that  more  completely  utilised  raw  materials  (Nay  et  al.  1974,  Liebel  et 
al.  1978).  Even  though  the  new  process  was  more  efficient,  waste 
effluents  still  contained  as  much  as  50-100  ppm  TNT  (Traxler  1974). 

Following  the  passage  of  the  National  Environmental  Policy  Act  in 
1969  and  after  adoption  of  strong  amendments  to  the  Clean  Air  Act  and 
the  Clean  Water  Act  in  1970,  several  AAPs  were  cltod  for  violations  by 
the  Environmental  Protection  Agency  (EPA)  and/or  by  state  and  local 
environmental  agencies  (Ltibel  et  al,  1978).  The  DOA  established  the 
Army  Pollution  Abatement  Program  to  address  these  violations.  One 
product  of  the  Program  was  a  series  of  aquatic  field  surveys  of  streams 
receiving  munitions  wastes  from  direct  discharge  or  from  overflow  of 
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lagoons  during  heavy  rains  (Cairns  and  Dickson  1973,  Fox  et  al.  1975, 
Griffiths  et  el,  1979,  Jerger  et  el.  1976,  Putman  et  el.  1979,  Sanocki 
et  el.  1976,  Stllvell  1976,  Sullivan  et  el.  1977,  Weitzel  et  al.  1975). 
Evidence  from  these  studies  showed  a  definite  lose  of  biological 
communities  downstream  from  effluent  release,  but  indicated  that  problem 
levels  were  generally  confined  to  times  of  high  TNT  production.  In 
these  surveys,  TNT  could  not  be  implicated  exclusively  in  the  biological 
impacts  of  the  effluent  because  other  munitions  products  were  also 
present. 

The  Installation  Restoration  Program  (IRP)  was  initiated  by  DOA  in 
1975.  The  IRP  represented  a  change  in  policy  from  one  emphasizing 
containment  of  contaminants  on  the  installation  properties  to  one 
emphasizing  cleanup  of  the  properties.  The  new  emphasis  was  due  not 
only  to  concern  for  environmental  quality  and  compliance  with 
regulations,  but  also  to  emerging  consideration  for  transfer  of 
installations  that  ware  no  longer  needed  to  non-military  government  or 
civilian  use  (Rosenblatt  and  Small  198^),  The  IRP  provided  for  a 
comprehensive  definition  of  the  contamination  problem  which  included 
surface  water,  groundwater,  and  the  food  chain.  The  IRP  was  recently 
expanded  to  include  formerly  used  Department  of  Defense  properties  with 
current  emphasis  on  those  used  in  World  Wars  I  and  II,  but  with 
potential  emphasis  expanding  to  include  older  sitea  and  military 
installations  abroad. 

Concern  for  the  environmental  effects  of  TNT  wastes  are  fairly  well 
founded.  TNT  and  many  of  its  degradation  products  are  known  to  be 
toxic  to  fish  and  other  aquatic  fauna  (Oamon  and  Klausmeier  1972;  Liu, 
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Spanggord,  and  Bailey  1976;  Nay,  Randall,  and  King  1974;  Won,  DiSalvo, 
and  Ng  1976),  inhibitory  to  plant  growth  (Lakings  and  Gan  1981;  Palazzo 
et  al.  1983;  Schott  and  Worthlay  1974),  and,  in  soma  c^aes,  mutagenic  to 
microorganisms  (Oilley,  Tyson,  and  Newell  1978;  Kaplan  and  Kaplan  1982a; 
Kaplan  and  Kaplan  1982b;  Won,  DiSalvo,  and  Ng  1976). 

Only  a  few  factors  affecting  the  environmental  fate  of  TNT  have 
been  well  dsfined.  For  example,  photodecomposition  and  microbial 
degradation  are  known  to  occur  in  the  environment.  Burlinson  (1980) 
proposed  a  mechanism  for  photodecomposition  of  TNT  and  identified 
1,3, 5- trinitrobenzene  (TNB)  as  tho  principal  product  forming  in  natural 
waters.  Microbial  decomposition  of  TNT  has  been  studied  with  the 
intention  of  using  microorganisms  as  a  waste  treatment  alternative  for 
TNT- containing  wastes.  However,  microorganisms  were  unable  to  cleave 
the  TNT  ring  structure.  The  predominant  changes  affected  by 
microorganisms  were  reduction  of  nitro  groups  to  amino  groups,  and 
coupling  of  rings  to  produce  azoxy  compounds  (Kaplan  and  Kaplan  1982b) . 
Several  of  the  products  of  microbial  metabolism  are  environmentally  less 
desirable  than  TNT  (Ellis  et  al.  1978  and  Lee  et  al.  1975),  Principal 
microbial  degradation  products  of  TNT  found  by  Burlinson  (1980)  in 
natural  waters  and  by  Kaplan  and  Kaplan  (1982b)  in  compost  were 
4-amlno-2,6-dinitrotoluene  (4ADNT)  and  2-amino-4,6-dinitrotoluene 
(2ADNT).  Soil  leaching  studies  have  shown  that  TNT  either  remained  in 
the  soil  or  was  transformed  to  4ADNT  and  2ADNT  (Greene,  Kaplan,  and 
Kaplan  19P4).  Only  4ADNT  was  detected  in  leachates. 

The  aquatic  field  surveys  mentioned  in  the  previous  paragraph  were 
limited  to  water  quality,  fauna,  and  algao.  Neither  soil  sorption  nor 


uptake  by  aquatic  macrophytes  was  examined.  TNT  and/or  ItB  degradation 
products  may  be  irreversibly  adsorbed  to  soils  and  sediments. 
Irreversible  adsorption  has  been  suggested  as  the  mechanism  for  loss  of 
TNT  from  TNT-treatsd  bentonite  drilling  muds  (Leggett  1983),  from 
TNT-treated  soils  upon  subsequent  drying  (Cragin  et  al.  19B5),  and  from 
TNT-treated  river  sediment  (Spanggord  et  al.  1980b,  1983).  Results  of 
these  studies  suggest  that  the  compound  may  become  adsorbed  to  soils  or 
to  soil  organic  matter.  Therefore,  the  soils  part  of  this  dissertation 
research  was  conducted  to  provide  information  on  soil  sorption 
properties  of  TNT. 

It  is  poesible  that  TNT  and  its  degradation  products  may  be  taken 
up  by  plants,  enter  the  food  chain,  and  accumulate  in  higher  animals  and 
man  where  their  toxic  effects,  like  those  of  many  pesticides,  may  be 
magnified.  Toxicity  of  TNT  wastes  to  duckweed  (Hama..  MEPUaUlfl)  has 
been  demonstrated  by  Schott  and  Worthley  (1974),  and  depression  of 
yields  in  ryegrass  by  TNT  has  been  cited  by  Palazzo  and  Leggett  (1983). 
Since  no  data  were  available  with  which  to  assess  uptake  of  TNT  by 
common  plant  species,  the  plant  bioassay  part  of  this  dissertation 
research  was  conducted.  The  plant  bioassay  procedure  was  developed  by 
the  USAE  Waterways  Experiment  Station  (WES),  Vicksburg,  Miss  for 
asssBsment  of  haavy  metal  mobility  into  plants  from  dredged  material. 
Yellow  nutsedge  (Cvcerus  esculentus)  was  selected  for  the  WES  bioassay 
because  it  is  ubiquitous  end  can  grow  under  both  flooded  and  upland 


conditions . 


Objectives 


Specific  objectives  of  this  study  were  to: 

«.  Quantify  the  rate  and  extent  of  adsorption  and 
desorption  of  TNT  to  soils  from  13  AAPs . 
b.  Determine  what  soil  characteristics  correlate  most 
closaly  with  adsorption  of  TNT. 
e.  Determine  the  effects  of  pH  and  redox  potential  on  the 
adsorption  and  desorption  of  TNT  in  soils, 
d.  Determine  whether  C.  esculantus  can  take  up  TNT,  2ADNT 
and  4ADNT  from  soils. 

a.  Determine  whether  TNT,  2ADNT  and  4ADNT  are  concentrated 
or  degraded  in  g , ,  ftlfiUltnfaU  ■ 


PART  II:  LITERATURE  REVIEW 


ChMjlfi>L„*nd  Eaalfltlttn.  EpaaitlMi 


The  chemical  structure  of  TNT  it  given  below. 


NO  2 


2,4,6  -  Trlnltrotoluen* 

Chemical  properties  not  discussed  In  this  paper  can  be  found  in  The 

Mirflk..Iadix  (1976),  or  flhtniittoe. juML . XAfihLfllflgy..af„„axRlociyii  by 

Urbanskl  (1964). 

Until  the  early  1970 'a  TNT  was  the  moat  commonly  used  high 
explosive*  derived  from  aromatic  compounds  (Urbanskl  1964).  Its 
popularity  stemmed  from  the  facts  that  It  wan  simple  end  relatively  safe 
to  manufacture,  had  high  explosive  power,  and  was  highly  stable  by 
virtue  of  its  relative  insensitivity  to  the  impact  and  friction  of 
handling.  Since  the  Vietnam  conflict,  more  emphasis  has  been  placed  on 
newer  munitions  compounds.  However,  TNT  is  still  used,  especially  In 
combination  with  certain  of  the  newer  compounds, 

In  its  pure  form  TNT  is  a  pale  yellow  crystalline  solid  having  a 
theoretical  melting  point  of  80,8°C.  This  number  is  depressed 


*High  explosives  are  those  characterised  by  extremely  rapid 
chemicnl  ':rana formation  accompanied  by  release  of  tremendous  amounts  of 
energy.  Large  volumes  of  hot  gases  such  as  CO,  CO2,  H2,  and  CH4  result 
from  their  explosion.  They  are  not  readily  detonated  by  heat,  flame, 
or  shock,  but  require  a  primary  explosive  for  detonation  (Vinon  and 
Zitrin  1981). 
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proportionately  to  the  quantity  of  other  Isomers  produced  concurrently 
with  the  alpha  isomer.  At  25°C  the  solubility  of  TNT  is  0.015  g/100  g 
of  water,  B8  g/100  g  of  bwnsene,  and  132  g/lOOg  of  acetone  (Urbanski 
1964).  TNT  is  difficult  to  Ignite,  The  true  Ignition  temperature 
(authors  differ)  is  around  300°C  and  gaseous  decomposition  has  not  been 
detected  below  160°C  (Urbanski  1964). 

Net  decomposition  by  detonation  is  believed  to  follow  the  reaction 
below: 

16C7H5(N02)3  -  20C02  +  47CO  +  CH4  +  H20  +  2C2H2  +  2HCN  + 

14. 5H2  4-  21. 5N24  3NH4HCO  4-  29C 

The  explosion  of  one  kilogram  of  TNT  produces  950  kilocalories  of  heat, 
690  litres  of  gas  and  a  temperature  of  2,820°d  (Urbanski  1964). 

The  data  of  Leggett,  Jenkins,  and  Hurrmann  (1977)  (Table  1) 
lndioate  that  TNT  Is  not  very  volatile  from  the  solid  phase. 

Table  1 

Volatility  of  TNT  at  Three  Temperatures 

l8nang,fcur«  JL2&1 

20.0 

25.5 


40.0 


42.4 


No  data  war*  found  addressing  volatility  of  TNT  from  solution.  Data 
concerning  vapor  pressures  was  found  for  vary  few  of  the  decomposition 
or  degradation  products  of  TNT. 

TNT  Manufacture 

TNT  is  produced  by  the  sequential  nitration  of  toluene,  A  mixture 
of  nitric  and  sulfuric  acids  is  used  as  a  nitrating  medium.  The 
process  is  completed  by  removal  of  the  unsymaetrlcal  isomers  of  TNT  as 
well  as  other  oxidation  products  by  contact  with  sodium  sulfite 
(aalllte).  The  unwanted  isomers  and  other  products  are  solubilised  and 
removed  as  an  aqueous  effluent  known  aA  "red  water"  because  of  its 
color,  The  wants  products  of  the  counter -current  continuous  flow 
prooess  include  excess  nitrobodlea,  spent  acids,  excess  red  water  and 
cooling  water  (Nay  at  al.  1974,  Llebel  et  al.  197B).  The  industrial 
process  may  be  generalized  as  rspresanted  in  Figuro  1.  Each  atop  Is 
typically  carried  out  in  a  separate  explosion  proof  building  and  waste 
products  are  discharged  at  each  point  in  the  procasa  (Laibel  et  al. 

197B) .  After  aalllte  purification,  the  TNT  la  washed  again  with  water, 
These  wash  waters  are  alao  high  in  the  waste  products  mentioned  above. 

The  largest  volume  of  contaminated  waste  water  is  produced  during 
TNT  finishing  processes,  i.e,  drying,  flaking  and  packaging.  The  waste 
water  is  generated  from  cleaning  equipment  and  interior  aurfacea  of  the 
finishing  plants.  Aa  much  as  half  a  million  gallons  of  this  water  can 
be  generated  per  day  at  a  single  instillation  (Welsh  st  al.  1973).  In  a 
study  of  waste  waters  resulting  from  both  production  and  purification  of 
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TNT,  Spanggord  at  al.  (1942)  identified  and  quantified  over  30 
nitroaromatic  compound!  during  one  year  of  • sapling. 

Bigciduticn  jjtBhiniiBi  and  Prptivfiti 


PhomdeflflaBfliltian 

Fhotodacoopoaielon  of  TNT  waa  probably  recognised  from  aarliaet 
daya  of  manufacture  beoauae  of  the  conspicuous  change  of  affluent!  to  a 
red  or  pink  color  when  expoaed  to  aunlight.  The  moat  extanaive  atudioa 
of  the  photochemlatry  of  TNT  have  been  conducted  by  Burllnaon  and  hia 
oo- worker*  at  the  Navy  Surface  Weapon*  Center  (Burllnaon  I960,  Burllnaon 
at  ai.  1973,  Burlinsor  at  ai.  1979,  Kaplan,  Burllnaon,  and  Sitsmann 
1973)  and  by  Spanggord  and  hia  co-workers  at  t:h*  Stanford  Reaearch 
Inatltute  under  contract  to  the  US  Army  Medical  Researoh  and  Development 
Command  (Spanggord  et  al.  1980a;  Spanggord  et  al.  1980b;  Liu,  Spanggord, 
and  Bailey  1976), 

Spanggord  et  al.  (1960b)  ahoved  that  deoompoaition  of  TNT  waa  much 
more  rapid  In  natural  aunlight  than  in  darkneaa.  In  their  study  the 
concentration  of  TNT  in  Mlaaiaalppl  River  water  (pH  -  8.2;  total  organic 
oarbon  «  4.48  mg/L)  neared  aero  after  6  •  8  daya  exposure  to  aunlight, 
whereas  30  days  in  darkness  were  required  to  dissipate  90  percent.  In 
the  same  study  photodecomposition  was  shown  to  be  inveraely  proportional 
to  pH  over  a  tested  range  of  1,1  to  11.1  pH  units.  Aqueous  solutions  of 
TNT  under  neutral  or  acidic  conditions  remained  very  stable  in  darkncua; 
however,  at  a  pH  value  of  11,1,  TNT  decomposed  even  in  darkness, 
Burllnaon  (1980)  reported  that  in  sunlit  Mississippi  River  waters, 


photolysis  was  more  rapid  than  In  dlatlllad  water.  They  attributed  this 
difference  to  the  higher  pH  of  the  River  water.  However ,  Spanggord  et 
al.  (1980b)  submitted  that  the  effects  of  pH  on  the  photolysis  rate 
constant  for  TNT  Is  Insignificant  compared  with  that  of  natural 
substances.  Their  data  suggested  that  light  absorption  by  substances  In 
natural  water  sensitise  TNT  resulting  in  photolytic  transformations. 

They  demonstrated  that  the  products  of  photolysis  also  accelerate 
photodecompoal tlon .  Conclusions  of  Mabey  et  al.  (1983)  supported  the 
findings  of  Spanggord  et  al.  (1980b). 

Burllneon  et  al.  (1973)  reported  that  the  photolysis  rate  of  TNT  la 
af footed  by  the  solvent  In  which  It  Is  dissolved.  They  found  the 
photolysis  rata  to  be  nearly  the  same  In  cyclohexane  and  water,  but 
reduced  in  methanol.  Suryanarayanan  and  Capellos  (Spanggord  et  al. 
1980a)  found  the  rate  to  be  faster  in  nonpolar  than  In  polar  solvents. 
For  example,  their  decay  rate  constant  in  bensene  was  more  than  20,000 
times  greater  than  the  constant  in  methanol. 

A  list  of  all  of  the  photodecomposition  products  of  TNT  found  in 
the  literature  Is  given  in  Table  2.  Burlinson  et  al.  (1979)  provided 
the  most  complete  list  of  photodecomposition  products  produced  by 
laboratory  irradiation.  (Fewer  products  have  been  reported  from  natural 
waters,)  They  reported  that  only  43*30  percent  of  the  products  were 
recovered  in  solution.  The  remainder  ware  present  art  an  insoluble 
residue  that  was  suggested  to  be  oligomers  of  aso  and  esoxy  compounds. 

It  should  be  noted  that  only  soluble  compounds  were  assayed  and  that  the 
analytical  method  was  thin  layer  chromatography  which  does  not  separate 
all  products.  Burlinson' s  mechanism  for  photodecomposition  of  TNT  is 
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Tab  la  2 

ftiotsdacamsMiticn  of  TMT 


fianaand 


Rigganan 


1,3,5*  tr lnl erobanzana 

2 , 4 , 6- tr lnitrobanialdahyda 


4 , 6 -dini troanthranil 


2,4,6-trinltrobansonltrila 


2,2' ,6,6* -tatranltro-4,4' • 
azoxytoluana 

4,4' , 6,6'-eatranltro-2,2'- 
azoxytoluana 
2\4-dln)athyl-3,3',5,5'- 
tatranltro-ONN-azoxybanzana 
2,4*  -dlmathyl-3, 3* ,5,3'- 
ta  tranl t  ro - ONN - azoxybanzana 
2,4*  dlnltrolaoanthranll 
2,2'- dioarboxy • 3 , 3 1 5 , 5 '  • 
tatranltroazobanzona 
2-oarboxy*3,3' ,5,5* -tatra 
nltro-NNO- azoxybanzana 
2  *  amino -4,6*  dtni trobanzoio 
acid 

4. 6 - dlnltrolaoanthranll 

4 . 6- dlnitroanthranll 
Syn-2,4,6-trin1.trobanzal 

doxima 

2.4.6-  tr lnl trobanzy 1 
alcohol 

3,3-dlnltrophanol 

2,2' -dlcarboxyl-3, 3' , 

3 , 5 ' - ta tranl troazoxybamsana 

2.4.6- trlnltrobanaolc  acid 

N- (2-carboxy-3,5*dinltrophanyl) • 

2,4,6- tr initrobanzaralda 

4.6- dlnltro-l, 2-banzlaoxazola 


Burllnaon  at  al.  1973;  Spanggord  at 
al.  1980;  Kaplan  at  al.  1974; 
Epataln  at  al,1975 
Burllnaon  at  al.  1973;  Burllnaon  at 
al.  1979;  Spanggord  at  al.  l<>80a; 
Kaplan  at  al.  1975;  Epataln  at 
al.  1978 

Burllnaon  at  al.  1973;  Burllnaon  at 
al.  1979;  Spanggord  at  al.  1980a; 
Epataln  at  al.  1978 
Burllnaon  at  al.  1973;  Burllnaon  at 
al.  1979;  Spanggord  at  al.  1980a; 


Kaplan  1975 

Burllnaon  at 

al, 

1973 

Burllnaon  at 

al. 

1973 

Burllnaon  at 

al. 

1973 

Burllnaon  at 

al. 

1973 

Burllnaon  at 

al . 

1979 

Burllnaon  at 

al. 

1979; 

Kaplan  at 

al.  1973 

Burllnaon  at 

al. 

1979; 

Kaplan  at 

al.  1975 

Burllnaon  at 

al. 

1979; 

Spanggord  et 

al.  1980a; 

Kaplan  at 

al.  1975 

Kaplan  at  al.  1975 
Kaplan  at  al.  1973 
Kaplan  at  al.  1975 


Kaplan  at  al. 
1978 

Kaplan  at  al. 
1978 

Kaplan  at  al. 


1975;  Epataln  at  al. 
1975;  Epataln  at  al. 
1975 


Kaplan  at  al.  1975 
Kaplan  at  al.  1975 


Epataln  at  al.  1978 
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given  below.  Although  thla  mechanism  la  commonly  accepted,  not  all  of 
the  •pec!**"  cVhei's  of  th«  .--.s-tion  have  been  elucidated. 

TNT- - • 2 ,4 , 6-Trinitrobenxaldehyde- *  - (Soma  undefined 
nucleophilic  complex) • -  - 1 , 3 , 3 -Tr lnl trobensene 


A  broad  range  of  microorganisms  are  capable  of  growth  in  the 
presence  of  low  concentrations  of  TNT.  Klausmeler,  Osmon,  and  Walls 
(1973)  reported  that  most  fungi,  yeasts,  actlnomycetes ,  and  gram 
positive  bacteria  grew  when  TNT  concentrations  did  not  exceed  20  mg/L. 
Many  gram  negative  bacteria  grew  well  in  TNT  concentrations  of  100  mg/L 
or  more.  At  higher  concentrations  growth  was  prevented  or  inhibited, 

TNT  oan  serve  as  the  sola  source  of  carbon  and  nitrogen  for  some 
microorganisms  (WeJtsel  at  al.  1973;  Traxler  1974;  Greene,  Kaplan,  and 
Kaplan  1983) ,  but  most  microorganisms  require  a  supplemental  carbon  and 
nitrogen  source  to  grow  in  the  presence  of  TNT  (Spanggord  et  al.  1980b; 
Jarger,  et  al.  1976;  Klausmeler,  Osmon,  and  Walls  1973).  Hudock  (1972) 
reported  that  Pseudomonas  spp.  metabolised  TNT  in  a  contaminated  soil 
without  inhibition  only  after  a  period  of  adaptation.  However,  Jerger, 
et  al,  (1976)  showed  that  reduction  of  TNT  by  aquatic  and  sediment 
microbial  communities  proceeded  readily  without  acclimation.  They  found 
that  Indigenous  populations  isolated  from  control  stations  and  from 
stations  contaminated  with  varying  concentrations  of  TNT  exhibited 
similar  TNT  transformation  rates. 
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On*  author  (Traxler  1974)  r«port*d  ring  cleavage  of  TNT  by  a  gram 
negative  bacterium.  However,  the  remainder  of  the  literature  reported 
no  ring  cleavage  by  microbial  degradation  (Burlinaon  1980;  Kaplan  and 
Kaplan  1982d;  Jerger  *t  al.  1976;  Carpenter  *t  al.  1978;  Hofisomaer  et 
al.  1978;  and  othera).  Baaed  on  the  product*  found,  the  literature 
■upport*  a  atepwiae  reduction  of  the  nitro  moletiea  on  the  TNT  molecule 
yielding  amino  and  hydroxylamino  products  which  further  react  to  form 
asoxy  compound*  (Carpenter  at  al.  1978;  Burlinaon  1980;  Hoffaommer  at 
al.  1978;  Kaplan  and  Kaplan  1982c;  Farriah  1977;  Won  at  al.  1974; 
Spanggord  et  al,  1983).  A  biotranaformation  scheme  for  TNT  in  compoat 
(Figure  2)  waa  propoaed  by  Kaplan  and  Kaplan  (1982c) .  A  similar  scheme 
was  propoaed  by  McCormick  et  al.  (1976)  for  masophilic  systems.  Para 
position  raduction  is  favored  over  ortho  position  reduction  (Kaplan  and 
Kaplan  1982a;  Hoffaommer  et  al.  1978;  Parrish  1977;  Greene,  Kaplan,  and 
Kaplan  1984). 

Microbial  daoompoaition  has  been  studied  with  the  objective  of 
using  microorganisms  as  a  waste  treatment  alternative  for  TNT -containing 
wastes  (Kaplan  and  Kaplan  1982c;  Osmon  and  Andrews  1978).  However,  the 
predominant  changes  effected  by  microorganisms,  1,*.,  reduction  of  nitro 
groups  to  amino  groups,  and  coupling  of  rings  to  produce  asoxy 
compounds,  resulted  in  products  that  were  environmentally  less  desirable 
than  TNT  (Ellis  et  al.  1978  and  Lee  et  al,  1975).  The  fate  of  TNT  in 
activated  sludge  has  also  been  investigated  (Carpenter  et  al.  1978; 
Hoffaommer  at  al.  1978),  but  the  same  undesirable  degradation  products 
were  found,  and  the  reactions  proceeded  too  slowly  to  be  of  practical 
us*  as  a  waste  treatment  method. 


2.4.6 


Figure  2.  Proposed  Bccbanisa  For  Microbial  degradation  of  TUT 
(Adapted  froa  Kaplan  and  Kaplan  1982c) 


A  summary  of  litaratura  on  oasaa  of  TNT  poisoning  to  munitions 
workers  through  ths  aarly  1960 's  is  givsn  by  Utbanski  (1964).  Dus  to 
high  damand  for  TNT  during  World  War  1,  industrial  hygiene  was  wldaly 
nsglsctsd  rasultlng  in  numerous  oasss  of  poisonings  attributabla  to  TNT. 
For  sxampls,  during  tha  first  savan  and  one -half  months  of  WWI  at  a 
slngla  munitions  factory  in  tha  United  States  17,000  cases  of  poisoning 
ware  recorded,  475  of  which  were  fatal.  Statistics  for  World  War  II 
showed  marked  improvement.  About  1,000  cases  of  mild  poisoning,  379 
more  serious,  and  22  fatalities  were  reported.  Current  statistics  were 
not  found;  however,  safety  standards  are  now  well  enforced  and  reported 
incidences  of  poisoning  are  rare. 

The  primary  modes  of  exposure  of  workers  to  TNT  were  absorption 
through  the  skin  (Hamilton  1927),  and  inhalation.  Mild  symptoms  of 
poisoning  Include  irritation  of  the  digestive  tract,  and  paleness  or 
purpling  of  the  skin.  More  sevore  symptoms  are  methemoglobinemia, 
severe  Jaundice  due  to  liver  damage  and  aplastic  anemia  caused  by 
disfunction  of  the  bone  marrow  (Urbanski  1964). 

TNT  is  known  to  be  toxic  to  rats  and  mice  (Lee  et  al.  1975,  1977; 
Ellis  et  al.  1978),  fish  (Osmon  and  Klausmeier  1972),  unicellular  green 
algae,  copepods  and  oyster  larvae  (Won  at  al.  1974),  TNT  is  also  known 
to  inhibit  growth  of  fungi,  yeasts,  actiuomycetes ,  and  bacteria 
(Klausmeler  et  al.  1973). 


Waste  Treatment  and  Disposal 


In  the  early  days  of  large-scale  TNT  manufacture,  waste  effluents 
were  discharged  directly  into  surface  water  (Liebel  et  al.  1978,  Walsh 
et  al.  1973)  or  indirectly  into  surface  and/or  ground  water  after  only 
brief  periods  in  settling  ponds  (Cragin  et  al.  1963,  Spenggord  et  el. 
1982,  Walsh  et  al.  1973,  Sanocki  et  al.  1976,  Stilwell  et  al.  1976, 
Jerger  et  al,  1976,  Weitzel  et  al.  1975,  Fox  et  al.  1975).  In  some 
cases,  natural  evaporation  was  allowed  to  concentrate  the  waste 
residues  in  lagoons  (Spanggord  et  al.  1983),  Screenable  solids  were 
sometimes  removed  from  affluents  and  burned  in  open  areas  before  water 
was  discharged  (Rosenblatt  and  Small  1981).  Today  the  waste  waters  are 
pumped  through  a  carbon  adsorption  column  (Jenkins  et  al.  1984)  or 
distilled,  condensed,  and  thon  discharged  into  streams  (Spanggord  et  al. 
1982)  or  incinerated.  Waste  treatment  of  acid  effluents  often  consisted 
of  neutralization  with  soda  ash  (crude  sodium  carbonate)  prior  to 
discharge  (Cairns  and  Dickson  1973). 

Many  of  the  older  leaching  ponds  and  settling  lagoons  were  burled 
when  production  facilities  were  rebuilt,  modernized,  or  discontinued, 
Today,  many  of  these  are  being  excavated  because  the  potential  for 
contamination  of  groundwater  is  now  recognized.  Studies  are  in  progress 
to  determine  if  they  should  be  completely  excavated  and  disposed  of  in  a 
more  environmentally  safe  manner  (English,  Smith  and  Meuser  1985). 

At  most  installations,  concentrated  liquid  wastes  from  red  water 
end  pink  water  are  incinerated  (Cairns  and  Dickson  1973,  Walsh  et  al. 
1973,  Cragin  et  al.  1985),  Originally,  these  wastes  were  manually 


spread  on  a  concrete  pad,  Ignited  and  allowed  to  burn  in  the  air.  This 
practice  was  carried  out  under  temporary  waivers  in  many  states  where 
regulations  barred  open-burning  (Forsten  1973).  The  Incineration 
process  produced  nitrogen  oxides  that  polluted  the  air  and  particulate 
matter  that  settled  over  large  areaa  contaminating  the  ground  and 
becoming  subject  to  runoff  or  to  leeching  into  the  groundwater  (Conley 
end  Mikucki  1976).  Under  Presidential  Executive  Order  11507,  the 
government  took  the  lead  in  developing  Incineration  capabilities  that 
minimized  pollution,  Forsten  (1973)  evaluated  three  Incinerator  models 
for  this  purpose.  An  underground  burning  pit  with  e  low  air  current 
system  has  bean  widely  adopted, 

For  many  years  sxpired  munitions,  primarily  TNT  and  hexahydro- 
l,3,5-trlnitro-l,3,5-trlazlne,  were  dumped  Into  the  sea.  Obsolete 
liberty  ships  were  filled  with  munitions  end  scuttled  (Hoffsommer  and 
Rosen  1972,  Osmon  and  Andrew*  1978).  Some  of  these  ocean  dumpB  have 
been  investigated  by  the  Navy  end  found  negative  for  explosives 
contamination  (Hoffsommer,  Glover,  and  Rosen  1972;  Hoffsommer  and  Rosen 
1972). 

Conley  and  Mikucki  (1976)  explored  the  possibility  of  disposing  of 
liquid  and  solid  TNT  wastes  in  sanitary  landfills.  Results  of  their 
lysimetry  studies  indicated  that  TNT  did  not  migrate  downward  in  the 
soil  to  any  great  extent.  However,  in  e  subsequent  study,  Osmon  and 
Andrtws  (1978)  recommended  that  the  concept  of  disposal  by  landfilling 
be  abandoned.  They  found  that  manipulation  of  eoil  moisture, 
concentration  and  types  of  nutrients,  end  degree  of  soil  aeration  were 
ineffective  in  causing  complete  microbial  degradation  of  TNT,  They 


recommended  that  large  scale  composting  with  domestic  or  industrial 
refuse  be  explored.  Kaplan  and  Kaplan  (1982b)  conducted  a  study  in 
which  (^CjTNT  was  composted  with  horse  manure,  alfalfa  hay, 
grassolippings,  dead  hardwood  leaves,  and  garden  soils.  Their  results 
showed  1)  ho  cleavage  of  the  TNT  ring  structure,  2)  reduction  of  nltro 
groups  to  amino  groups,  and  3)  coupling  to  azoxy  compounds.  A 
significant  percentage  of  the  ^C-labal  (13.9  percent  after  91  days) 
was  bound  to  the  humin  fraction  of  the  compost.  The  amount  of  bound, 
labeled  material  Increased  with  time  of  composting.  Therefore, 
composting  did  not  contribute  to  decomposition  of  TNT  and  was  abandoned 
as  an  abatement  process, 

Presently,  only  one  facility  actively  produces  TNT  In  the  United 
States  (Radford  AAP,  Radford,  Va).  The  facility  utilizes  carbon 
adsorption  columns  for  cleanup  of  effluents.  The  several  AAPs  that  load 
and  pack  TNT -containing  munitions  utilize  Incineration  for  waste 
disposal. 


PART  III:  MATERIALS  AND  METHODS 


Adaorotlon  and. Desorption  of  TNT  bv  Bolls 

frflnLSiltfl.ttd.Mfi 


Location!  of  AAPa  that  war*  aanplad  for  this  study  are  shown  in 
Figure  3.  Soil  samples  were  collected  from  uncontaminated  sites  at  12 
of  the  AAPa  that  handle  TNT  now  or  have  handled  TNT  in  the  past.  Seven 
of  the  14  installations  having  documented  TNT  contamination  of  ground 
water  or  soil  in  the  data  base  of  the  US  Army  Toxic  and  Hasardous 
Materials  Agency  (USaTHAMA)  (Tucker  et  al.  1983)  were  sampled,  Five  of 
the  AAPs  sampled  are  listed  by  USATHAMA  as  potentially  contaminated  with 
TNT.  The  remaining  AAP  sampled  was  reported  by  installation  personnel 
as  having  handled  TNT  in  the  past. 

Sampling  of  soils  from  all  of  the  AAPs  of  interest  was  precluded  by 
budget  limitations.  Many  of  the  locations  were  selected  because  travel 
by  personnel  of  the  WES  for  other  purposes  was  to  proximal  areas. 
However,  a  special  trip  was  made  to  Radford  AAP,  Radford,  Va. ,  because 
it  is  the  only  facility  currently  manufacturing  TNT.  Holston  AAP  was 
sampled  on  the  same  trip  since  it  was  within  practical  driving  distance 
of  Radford,  A  special  trip  was  also  made  to  Louisiana,  Longhorn,  and 
Lone  Star  AAPa  bacausa  they  are  very  close  together  and  within  easy 
driving  distance  of  WES. 
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Figure  3.  US  Aray  Mmitiozis  Facilities  having  confined  c 
TNT  contamination  (Adapted  from  Tucker  et  al.  15i 


Soil  aurvey  map a  for  each  of  tho  AAPa  to  bo  sampled  wars  obtained 
from  local  US  Department  of  Agriculture  Soil  Conservation  Service  (SCS) 
offioes.  The  SCS,  in  most  sampling  areas  of  the  country,  were 
preparing  new  survey  maps,  Therefore,  maps  for  some  areas  were  not  yet 
updated  and  were  very  old,  Several  counties  of  Interest  had  no  map 
available.  Soil  maps  were  taken  to  the  AAP  where  personnel  familiar 
with  the  operations  and  grounds  of  the  facility  were  asked  to  Identify 
areas  potentially  receiving  TNT  contamination  from  past  or  present 
activities,  Activities  mentioned  as  potential  causes  of  contamination 
inoluded  dumping,  burning,  or  lagoonal  disposal  of  manufacturing 
effluents  or  wash  waters  from  load  and  pack  operations,  Soil  type  in 
potentially  contaminated  areas  was  noted  on  the  soil  survey  map,  and 
areas  on  the  facility  having  the  same  soil  type,  but  safely  removed  from 
any  possible  contamination,  were  looated.  Test  samples  were  taken  from 
these  uncontaminated  sites, 

Soil  samples  were  taken  by  removing  any  vegetative  cover  or  litter 
from  the  soil  eurfece  end  collecting  eeverel  shovelfuls  from  the  top  15 
cm  of  aoll  (the  A  horizon),  The  same  procedure  was  followed  at  several 
spots  within  e  fsw  matrss  of  each  other  to  obtain  a  representative  soil 
sample.  Approximately  40  1  of  soil  were  collucted  from  each  AAP. 

All  soils  were  allowed  to  air  dry,  ground  to  pass  through  a  2 -mm 

sieve,  sealed,  and  stored  at  2S°C  in  28*1  Bain  Mori#  pots  until  tested. 

Physical  and  Chemical 
Character ltat ion  of  AAP  Solis 

pH.  Four  10-g  replicates  of  soil  on  an  oven  dry  weight  (ODW)  basis 
were  weighed  to  the  nearest  0,1  mg  into  50-ml  glass  baakers.  The  soil 
samples  were  mixed  with  20  ml  of  reverse  osmosis  (RO)  water  until  all 
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dry  particles  were  thoroughly  wet.  The  resulting  suspension  was  stirred 
with  a  Magnetic  stirrer  for  1  min  every  IS  min  until  a  total  of  45  min 
had  passed.  The  pH  of  the  suspension  was  then  determined  with  a  glass 
and  a  referenoa  silver-sliver  chloride  eleotrode  on  a  Bookman  Model  SS-3 
pH  meter  (Beckman  Instruments  Ino.,  Fullerton,  Calif,). 

Particle  else  distribution.  The  partiole  site  distribution  was 
determined  In  four  replicates  by  using  the  method  of  Day  (1936)  as 
modified  by  Patrick  (1938).  The  method  determines  the  percentage  of 
three  else  fractions  in  the  soil:  sand  (2  mm  to  SO  u  diameter),  silt 
(30  to  2  u  diameter),  and  clay  (<2  u  diameter). 

Cation  exchanea  capacity.  Cation  exchange  capacity  (CEC)  was 
determined  in  four  replicates  using  the  ammonium  saturation  method  of 
Schollenborger  and  Simon  (1945), 

Electrical  conductivity.  Electrical  conductivity  (EC)  was 
determined  In  four  replicates  on  extracts  of  saturated  pastes  made  from 
soils  using  the  method  of  Rhoades  (1982).  The  oonduotlvlty  meter  was  a 
Model  31  YSI  (Yellow  Springs  Instrument  Company,  Yellow  Springs,  Ohio). 

Extrictablt  Iron,  mamntuu  ilualnua.  .calcium^  An  ammonium 
oxalate/oxalic  acid  extraction  procedure  was  used  to  remove  hydroxides 
of  iron,  manganese,  aluminum,  and  calcium  from  soils  in  four  replicates 
(Brannon  and  Patrick  1985) .  Extracts  were  analysed  by  the  Analytical 
Laboratory  Croup,  Environmental  Laboratory,  WES,  using  s  Beckman  Spectra 
Span  IIIB  Argon  Plasma  Emission  Spectrophotometer  (Applied  Research 
Laboratories,  Dearborn,  Mich.), 


Percent  organic  carbon.  Percent  organic  carbon  (OC)  was 
determined  by  eha  complete  combustion  method  described  by  Nelson  end 
Sommers  (1982). 

Xhlnr-Imr,  Chwaittmoahlg.  Scratnlag 

Saltation  Of, IXtEtOtlng  IQlVtnt,  All  13  AAP  soils  ware  screened  by 
thin- layer  chromatography  (TLC)  for  contamination  by  TNT  and  several  of 
its  degradation  products,  even  though  every  effort  had  been  made  to 
avoid  soil  collection  in  areas  remotely  suspected  of  contamination,  A 
preliminary  experiment  in  which  (^C) TNT -treated  soila  were  extracted 
with  four  solvents  (acetone,  benaene,  methanol,  and  methylene  chloride) 
showed  acetone  and  methanol  to  be  the  most  affective  in  removing 
(l^C)TNT  (or  its  l^G-labalad  degradation  produots)  from  the  soils. 
However,  to  minimise  the  obscurance  of  compounds  of  Interest  by 
co-extraction  of  extraneous  compounds,  each  of  the  solvents  was 
retested  for  use  with  TLC.  A  clay  soil  having  an  organlo  carbon  content 
of  2.401  percent  and  a  cation  exchange  oapaolty  of  133  meq/lOOg  was 
extracted  with  each  of  the  test  solvents  listed  above.  The  clay  was 
assumed  to  be  TNT- free  because  it  was  collected  far  from  any  munitions 
activities.  The  soil  extracts  were  chromatographed  against  45-50  ul  of 
known  standards  (listed  below). 
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l-'lTTT-rT7->*<-V  VrT»>l.W-i »r.W«T-W  thUnF.vJ  HU  »F  I 


2.4.6-  trinitrotoluene  4 - amino -2,6- dinitrotoluene 

2 • amino -4,6- dini tr o toluana  2,4- diaaino - 6  - dini tr o  toluana 

2.6-  diaaino • 4 • dinit ro toluana  2,4- dini trotoluana 

2 . 6 - dinitrotoluene  3 ,4- dinitrotoluene 

2 , 3-dlnitro toluene  2 , 5 -dinitrotoluene 

2,2* ,6,6' -tetranltro-4,4*-atoxytoluene 

A  eolvent  was  selected  that  produced  the  least  visual  interference  with 
the  known  standards  whan  viewed  under  ultra  violet  (UV)  light  (254 
nanometers) . 

fililflllfllUttl  lOlYtnt  iatMU  A  review  of  the  literature  revealed 
that  many  solvent  systems  had  been  used  to  separate  TNT  and  various 
related  compounds.  Based  on  the  work  of  Jerger  at  al.  (1976),  Naumova 
at  al.  (1979),  and  Osmon  and  Andrews  (1978),  the  following  solvent 
systems  were  selected  for  testing:  bensene/ethyl  acetate  (75:25), 
benzevte/hexane/pentane  (50:40:10),  and  bensena/chloroform  (75:25). 

Using  known  concentrations  of  TNT,  4ADNT,  and  2ADNT,  silica  gel  TLC 
plates  (Radi  Plate-Silica  Gel  OF,  Fisher  Scientific,  Pittsburg,  Pa.) 
were  migrated  in  each  of  the  three  solvent  systems.  Separation  of  these 
three  compounds  was  particularly  important  in  this  study  because  of 
their  known  prevalence  in  the  environment.  Sef  ration  of  4ADNT  from 
2ADNT  was  especially  critical  beoause  their  markedly  similar  chemical 
structures  make  them  difficult,  if  not  impossible,  to  separate  by  many 
analytical  techniques,  The  solvent  system  most  completely  separating 
these  three  compounds  was  selected.  Any  of  the  13  AAP  soil  extracts 


exhibiting  UV-visible  spots,  the  Rf  value  of  which  was  not  consistent 
with  the  three  standard  compounds ,  was  aubjaotad  to  a  second  screening. 
In  the  second  screening  axtraots  were  migrated  with  all  other  standard 
compounds,  (Complete  list  given  above.) 

TLC  of  AAP  soils .  Three  five-gram  (ODW)  replicates  of  each  AAP 
soil  were  extracted  three  times  with  10«ml  portions  of  methanol,  the 
solvent  aeleoted  in  the  preliminary  solvent  teat.  Samples  were 
extracted  in  50-ml  stainless  steel  test  tubes  on  a  reciprocating  box 
shaker  for  30  min,  centrifuged  at  17,369  x  gravity  (g),  or  12,000  rpm, 
for  10  min,  and  the  supernatant  removed  with  a  Pasteur  pipette. 

Extracts  from  the  same  replicate  were  oomblned  and  concentrated  under  a 
stream  of  dry  air  to  a  final  volume  of  0,5  ml  before  plating  on  silica 
gel  plates.  Plates  were  migrated  in  TLC  tanks  until  the  solvent  front 
was  within  a  few  cm  of  the  top.  As  the  pistes  were  removed  from  the 
tank,  the  solvent  front  was  marked.  The  plates  were  allowed  to  air  dry, 
and  then  viewed  under  UV  light,  Each  visible  spot  waa  marked  and  the 
distance  it  had  migrated  from  the  point  of  origin  was  measured  so  that 
an  Rf  value  (distance  of  solvent  migration/distance  of  unknown 
migration)  could  bo  calculated.  Rf  values  of  unknowns  were  compared 
with  Rf  values  of  known  standards  on  the  same  plate.  When  Rf  values 
were  equal,  the  possibility  that  the  identity  of  the  unknown  was  the 
same  as  the  identity  of  the  standard  was  acknowledged. 

sail  j«l.8b1ue  Ion  Ritla 

To  compare  results  of  tests  conducted  with  different  soil  to 
solution  ratios,  adsorption  of  TNT  using  four  soil  to  solution  ratios 
was  compared,  Sinoe  both  organlo  and  inorganic  surfaces  potentially 


provido  sites  for  adsorption,  and  organic  carbon  is  often  highly 
correlated  with  adsorption  of  neutral  organic  compounds,  a.g. , 
pesticides  (Weed  and  Waber  1974) ,  a  coil  high  in  percent  OC  and  also 
relatively  high  in  G&C  and  percent  clay  was  selected.  Joliet  AAP  soil, 
the  soil  selected,  exhibited  the  highest  percent  OC  of  any  of  the  AAP 
soils  (3.992  percent)  and  also  exhibited  a  relatively  high  CEC  (102 
meq/100  g)  and  percent  clay  (23.8  percent).  The  four  ratios  tested  were 
1  to  3,  1  to  10,  1  to  20,  and  1  to  30. 

Soil  samples  of  5,  2.3,  1.25,  and  0.83  g  were  weighed  (ODW)  into 
30-ml  stainless  steel  centrifuge  tubes  in  three  replicates.  To  each 
tube  were  added  23  ml  of  a  (^C]TNT  solution  containing  0.023  uCl  ^C/ml 
and  16  ug  total  (^C  labeled  plus  unlabaled)  TNT/ml.  Tubes  were  sealed 
and  placed  on  a  reciprocating  box  shaker  at  highest  speed  (280 
excursions /minute)  for  2  hr.  After  shaking,  the  tubes  were  centrifuged 
for  20  min  at  17,369  x  g.  Three  1-ml  aliquots  of  the  solution  were 
removed  Co  each  of  three  vials  containing  20  ml  of  PCS  liquid 
scintillation  (LS)  cocktail  (Amersham  Corporation,  Arlington  Heights, 
111.)  and  counted  for  20  min  by  LS.  Standard  curves  were  prepared  by 
plotting  counts  per  minute  (CPM)  per  millilitre  against  micrograms  of 
TNT  per  millilitre  in  the  (^CJTNT  treatment  solution.  Miorograms  of 
TNT  per  millilitre  of  solution  were  then  related  to  micrograme  per  gram 
of  soil  (ODW) , 
iVdiBEjalan.  luatilgj 

Adsorption  kinetics  were  determined  uelng  soils  from  two  of  the 
AAPs.  The  two  soils,  selected  on  the  basis  of  percent  OC,  were  the 
Louisiana  AAP  soil,  with  a  relatively  low  parcant  OC  (0.367),  and  the 
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Joliet  AAP  soil,  with  a  relatively  high  porcont  OC  (3,392).  Each  toll 
was  aqulllbratad  with  three  oonoantratlona  of  TNT  In  aqueous  aolutlon 
(1.0,  4.0,  and  16.0  ug  TNT/mi).  Concantratlon  valuta  Included  both 
^C- labeled  and  unlabeled  TNT.  Theae  oonoantratlona  were  equivalent  to 
3.0,  20.0,  and  80.0  ug  TNT/g  of  aoil  in  the  centrifuge  tubea.  Each  of 
the  aolutlona  alao  oontalned  0.027  uCl/ml  of  ^C- labeled  TNT.  Five* gram 
aoll  aamplea  were  weighed  Into  50*ml  atalnleaa  a teal  centrifuge  tubea  In 
three  repllcatea  for  each  sampling  time.  Then  25  ml  of  [^CJTNT 
aolutlon  waa  added  to  eaoh  tube.  The  tubea  ware  placed  on  a 
reciprocating  box  shaker  and  allowed  to  ahake  at  highest  speed.  Three 
tubea  were  removed  at  eaoh  of  the  following  tinea:  0.23,  0.50,  1.00, 
1.50,  2.00,  3.00,  10.00,  and  24.00  hr.  Aa  soon  aa  tubea  were  removed, 
they  were  centrifuged  for  30  min  at  17,369  x  g.  Three  l*ml  allquota  of 
the  aupernatant  were  counted  by  LS  for  10  min.  Zero  time  value*  were 
determined  by  oounting  1  ml  of  aolutlon  from  each  concentration  of  TNT 
In  three  replicates. 

Three  repllcatea  of  each  teat  aolutlon  without  aoil  were  placed  on 
the  ahaker  and  sampled  initially  and  at  2,00  and  24.00  hr.  Theae 
Hno*aollN  blenka  were  included  to  measure  any  adsorption  of  [^C]TNT  to 
the  walls  of  the  centrifuge  tubea. 

A  standard  curve  relating  14C  CPM  per  millilitre  to  concentration 
of  TNT  (mlorograma/millilltre)  waa  prepared  for  each  teat  solution 
(Appendix  A).  The  TNT  concentration  in  the  solution  phase,  assuming 
that  all  activity  was  due  to  {^CJTNT  and  not  to  radiolabeled 
decomposition  products,  waa  platted  against  time  to  establish  an 
adsorption  kinetics  curve  for  each  of  the  soils. 


Baiamlon  Klnatlca 


For  comparative  purpoaaa ,  tha  same  aotla  selected  for  tha 
adaorptlon  klnatioa  atudtaa  war*  alao  uaad  for  tha  daaorptlon  kinatlca 
studlea.  Blghcaan  1-g  aamplaa  (ODW)  of  Jollat  and  Loulalana  AAP  aoila 
were  weighed  to  tha  naaraat  0.1  mg  Into  50-ml  Oak  Rldga  Type 
polyoarbonata  oantrifuga  tubaa  (Sybron/Nalge,  Roohaatar,  N.  Y. ) .  Twenty 
nlllllltraa  of  tha  16  ug/ml  [ ^C]TNT  aolution  waa  added  to  all  tubaa, 
tha  tubaa  ware  weighed  to  tha  naaraat  0.01  g,  and  tha  aoila  adaorbad  for 
2  hr  aa  described  above.  Three  replicates  without  aoil  ware  run  as 
daaoribad  above  to  measure  any  adsorption  of  [^CJTNT  to  tha 
polyoarbonata  centrifuge  tubas.  After  adaorptlon,  tubaa  ware 
centrifuged,  tha  TNT  aolution  was  removed,  and  tha  tubaa  wore  brought 
baok  to  original  weight  by  tha  addition  of  RO  water.  All  tubaa  ware 
returned  to  tha  reciprocating  box  ahakar.  Three  tubaa  of  each  soil  type 
wera  removed  at  each  of  tha  following  times:  0.5,  1.0,  1.5,  2.0,  5.0, 
and  10.0  hr, 

Tubaa  ware  centrifuged  for  20  min  at  17,369  x  g  as  soon  as  they 
ware  taken  from  tha  shaker.  One  millilitre  of  solution  waa  removed  for 
scintillation  oounting  as  described  for  tha  adsorption  test.  TNT 
concentration  In  tha  solution  phase  waa  plotted  against  time  to 
establish  a  desorption  kinetics  curve  for  each  of  tha  soila. 

Batch  Afligiptlan Jaullibrlum 

One -gram  soil  samples  (ODW)  from  each  of  the  AAPa ,  plus  a  Tunica 
allt  and  a  Sharkey  clay,  ware  weighed  to  tha  nearest  0.001  g  into  50-ml 
polycarbonate  centrifuge  tubaa  in  three  replicates  for  eaoh  of  the 
following  five  concentrations  of  TNT:  1,0,  4.0,  8.0,  12.0,  and  16,0 


ug/ul .  Tha  ailt  and  olay  were  lncludad  bocauaa  they  ara  routinaly  uiad 
in  tha  standard  WES  plant  bloaasay  employed  latar  in  thia  aeudy,  Twenty 
millilitraa  of  tl4C]TNT  aolutlon  containing  0.023  uCi  [l4C] TNT/ml,  plua 
auffiolant  unlabalad  TNT  to  produoa  tha  final  concentration*  Hated 
above,  wara  added  to  each  tub*.  All  tuba*  ware  equilibrated  for  2  hr  on 
a  reciprocating  box  ahakar  operated  at  naxinun  apaad.  At  the  and  of  the 
2-hr  period,  tuba*  ware  centrifuged  at  17,369  x  g  for  20  min.  A  1-ral 
aliquot  of  tha  aolution  phaaa  waa  removed  and  counted  three  time*  by  LS 
for  10  min. 

Adaorption  data  wara  fit  to  a  linear  and  two  elaaaical  iaotherm 
modal*  uaing  linear  regression,  Tha  two  olaaaioal  modal*  war*  tha 
Langmuir  Iaotherm  Modal  and  the  Fraundllch  Iaotherm  Model  (Waber  1972). 
Linear  ragraaaion*  ware  calculated  uaing  tha  procedure*  available  with 
Statistical  Analyala  Syatam  (SAS  Inatituta  Inc.  198S), 
aiamatUl.-DififlCBLlan 

Eight  aolla  aalected  on  tha  baala  of  average  K<j  were  used  in  the 
sequential  daaorptlon  testa.  Soil*  exhibiting  as  broad  a  range  in 
adsorption  as  poaaibl*  wara  selected.  Twenty  millilitres  of  16-ug 
TNT/ml  aolutlon  waa  added  to  tubas  containing  1  +/•  0,001  g  of  each  of 
tha  selected  aolla,  and  each  tuba  waa  weighed  to  the  nearest  0,01  g. 
After  2  hr  of  adaorption,  the  solution  was  removed,  and  the  tubes  war* 
brought  up  to  the  original  weight  with  R0  water.  They  ware  returned  to 
tha  reciprocating  box  shaker  for  2  hr.  At  the  end  of  the  first 
desorption  cycle,  tha  tubes  war*  centrifuged  for  10  min  at  17,369  x  g 
and  the  aolutlon  removed .  On*  millilitre  of  tha  (solution  was  diluted 
with  20  ml  of  PCS  and  counted  by  LS  for  10  min  three  time*,  Second  and 


third  desorption  cycles  were  conducted  in  the  seme  manner.  A  standard 
curve  was  consulted  to  convert  CPM/mlllllltre  to  micrograms 
TNT/millllltre  (Apoendix  A) . 


Adaorction  and  Diaorotlon  of  TNT  Undar 

fiantiallid  pH,  Jtnfl  .Rnflp&.J 
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Experimental  eyatems  for  controlling  pH  and  redox  potential  (Eh) 
ware  a  modification  of  that  deaeribed  by  Patrick,  Williama,  and  Moraghan 
(1973)  (Figure  4).  Modification  included  manual  manipulation  of  pH  by 
injection  of  1  N  HCl  or  1  N  NaOH  through  the  aerum  cap,  and  uae  of 
ailvar-ailver  chloride  (Ag  *  AgCl)  reference  and  pH  electrodes  rather 
than  calomel  eleotrodea , 

Three  pH/Eh  teat  ayatema  (replicatea)  were  sue  up  for  each  of  the 
following  combinations  of  teat  conditioits:  pH  3.0,  Eh  » 1D0 ;  pH  5.0,  Eh 
+450;  pH  6.5,  Eh  -150;  pH  6,5,  Eh  +450;  pH  8.0,  Eh  -150;  and  pH  8.0,  Eh 
+450.  (Eh  values  ware  corrected  to  the  Ag  •  AgCl  electrode  according  to 
the  procedure  given  by  Jones  1966.)  The  moat  adsorptive  soli  (Joliet 
AAP  soil)  was  selected  for  the  pH/Eh  teats.  One  hundred  thirty  g  of 
soil  (ODW)  which  had  been  ground  to  pass  through  a  200  mesh  sieve 
(particle  sire  no  greater  than  75  microns)  was  added  to  2 , 600  ml  HO 
water  in  a  2800 -ml  Fenback  flask  to  produce  a  1:20  soil  to  solution 
ratio.  The  soil  waa  maintained  in  auepension  by  magnetic  atirring. 

Each  flask  was  equipped  with  a  no.  13  rubber  etopper  through  which 
electrodes,  gaa  inlets  and  outlets,  a  thermometer,  and  sampling  ports 
passed  (Figure  4). 

After  equilibration  had  baen  achieved  (2  -  3  veekr),  fifteen  20-ml 
aliquots  of  soil  suspension  were  removed  via  the  aerum  cap  using  a 
hypodermic  syringe  equipped  with  a  long  needle.  The  samples  were  placed 
into  50*ml  polycarbonate  centrifuge  tubaa  (Oak  Ridge  typo).  If 
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suspensions  were  from  flasks  maintained  under  reduced  conditions,  each 
tubs  was  flushed  with  Nj  prior  to  filling  to  maintain  a  raduoed 
atmosphere.  Tubes  were  spiked  with  five  concentrations  of  [^C]TNT. 

The  spiking  resulted  in  three  replicates  of  the  following  TNT 
concentrations  (ug/ml) :  1,0,  4,0,  8,0,12.0,  and  16,0.  All  tubes  were 

placed  on  a  reciprocating  box  shaker  at  maximum  speed  for  2  hr.  After 
shaking,  tubes  were  centrifuged  at  17,369  x  g  for  10  min  and  one 
millilitre  of  the  solution  was  counted  in  PCS  three  times  by  LS  for  10 
min.  After  all  remaining  solution  had  bean  removed,  each  tube  from  the 
12.0  ug  TNT/ml  treatment  was  brought  up  to  its  original  weight  with  HO 
water  and  returned  to  the  shaker  for  desorption,  Desorption  was  carried 
out  on  the  12.0  ug  TNT/ml  solution  beoauae  statistical  comparlaon  of  the 
TNT  adsorption  date  for  the  12,0  and  16.0  ug  TNT/ml  solutions  showed  no 
significant  differences.  These  results  indicated  that  the  12  ug/ml 
solution  was  sufficiently  concentrated  to  saturate  the  soil,  Therefore, 
use  of  the  more  concentrated  solution  for  desorption  was  unnecessary, 
Soil  and  water  were  allowed  to  shake  for  2  hr,  the  tubes  werB 
centrifuged  and  the  solutions  counted  by  LS  as  previously  described, 
Three  such  desorption  cycles  ware  performed  in  sequence. 

Preliminary  tests  had  shown  that  repeated  sampling  of  flasks 
through  the  serum  cap  using  s  hypodermic  syringe  and  needle  did  not 
produce  a  consistent  ratio  of  soil  to  solution.  Therefore,  the  exact 
soil  to  solution  ratio  was  determined  for  each  sample  withdrawn  from  the 
flasks.  Centrifuge  tubes  were  weighed  before  end  after  receiving  the 
suspension  aliquot.  At  the  and  of  the  teat,  all  solution  was  removed 
from  tubes  and  the  remaining  soil  allowed  to  oven  dry  at  104°C  over 


nighc.  When  cooled,  the  tubee  containing  dry  ’■oil  were  weighed  again. 
Since  the  exact  volume  of  the  withdrawn  aliquot  was  known,  the  soil  to 
solution  ratio  could  be  oalculated. 

Degradation  of  TNT  Under  Oxidised  and  its dues d  Conditions 

Preliminary  Test  for  the  Effectiveness 
of  Mercuric  Chloride  as  a  Soil  Sterllant 

In  order  to  determine  whether  degradation  was  biotic  or  abiotic,  a 
sterile  treatment  was  included  in  the  study,  According  to  Van  Cleemput, 
Patrick,  and  Mollhenny  (1976),  a  0.01  H  solution  of  mercuric  ohloride 
(HgCl2>  is  sufficient  to  inhibit  biological  reduction  without 
interfering  significantly  with  chemical  reduction  in  a  1:2  soil  to 
water  suspension.  Therefore,  a  200-ml  1:20  soil  to  water  suspension  was 
treated  with  10  ml  of  a  0.2  M  HgCl2  solution  so  that  the  concentration 
of  HgCl2  In  each  test  was  0.01M.  Since  the  amount  of  soil  in  this  study 
was  10  times  smaller  than  In  the  study  reported  by  Van  Cleemput, 

Patrick,  and  Mcllhenny,  the  rate  used  should  be  more  than  affective. 
Nonetheless,  a  preliminary  test  was  conducted  to  assess  the 
effectiveness  of  this  rate  of  HgCl2  as  a  sterllant  under  the  conditions 
of  the  current  study. 

Sediment  from  Brown's  Lake,  a  small  freshwater  lake,  was  treated  in 
a  1:20  oven  dry  sediment  to  water  ratio  with  HgCl2>  Three  250-ml 
polycarbonate  centrifuge  tubes  were  treated  with  HgClj,  and  three  were 
left  untreated  to  serve  as  controls.  All  six  tubes  were  placed  on  a 
reciprocating  box  shaker  operated  at  maximum  speed.  All  centrifuge 
tubes  were  sampled  at  10  min,  30  min,  5  hr,  24  hr,  and  48  hr.  Three 
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l-ml  samples  vara  ranovad  aaaptloally  from  aaoh  tube  and  plated  on  Petri 
plates  containing  nutrient  agar.  Plates  vara  Incubated  at  room 
temperature  for  48  hr  In  order  to  ascertain  whether  or  not  growth  of 
microorganisms  in  the  suspended  sediment  had  terminated. 
aQll-iacubitiBa-ind-Iciitaiat 

Experimental  systems  for  controlling  Eh  and  pH  were  prepared  using 
the  procedures  of  Patrick,  Williams,  and  Horaghan  (1973).  Four 
replicates  of  two  Eh's  (-130  and  4-430)  at  pH  7.0  were  maintained.  Soil 
from  Joliet  AAP  which  had  been  ground  to  pass  through  a  200  mesh  sieve 
was  introduced  into  2800  ml  Fenbaeh  flasks.  Sufficient  RO  water  was 
added  to  produce  a  1:20  soil  to  water  ratio. 

When  the  desired  conditions  of  Eh  and  pH  were  stable  for  24  hr, 
three  300 -ml  samples  of  suspended  soil  were  removed  from  each  replicate 
by  hypodermlo  syringe  to  500-ml  polycarbonate  centrifuge  tubes.  Efforts 
to  maintain  anaerobic  conditions  consisted  of  flooding  centrifuge  tubes 
with  air-free  N2  gas  prior  to  and  during  sample  introduction.  Since  the 
exact  soil  to  solution  ratio  for  each  sample  could  not  be  measured 
directly,  an  approximation  was  made  by  removing  3  ml  of  suspended  soil 
from  the  Fenbaoh  flask  before  and  after  removal  of  teat  samples.  Oven 
dry  weight  was  determined  on  these  samples  and  the  average  was  usod  to 
calculate  the  soil  to  solution  ratio  in  each  replicate. 

Two  of  the  three  samples  from  each  replicate  vere  treated  with 
sufficient  TNT  to  make  the  final  concentration  in  each  tube  equal  to  16 
ug  TNT/ml  of  suspension  (equivalent  to  a  treatment  of  approximately  80 
ug  TNT/g  of  soli  on  ODW  basis).  One  of  the  TNT-treated  samples  received 
10  ml  of  0.2  M  HgCl2  as  a  soil  aterilant.  The  third  sample  remained 


untreated  and  unsterilizad  to  aarva  at  a  control.  Efforts  ware  nada  to 
kaap  all  samples  out  of  light  during  and  aftar  treatment  with  TNT. 

All  samples  wara  placed  on  a  raoiprocating  box  ahakar  for  24  hr. 
Whan  removed,  aterilUed  sample a  wara  cultured  on  standard  methods  agar 
(BBL  Microbiology  Systems,  Coekeysville,  Kd)  to  be  aura  that  they  had 
remained  sterile.  Samples  wars  cultured  by  sceptically  pipetting  one 
millilitre  of  suspended  soil  onto  the  aurfaes  of  ths  madia,  Cultures 
wara  incubated  at  room  temperature  (ea.  25°C)  for  24  hr, 

Extraction  and  Analysis 

Samples  wara  centrifuged  at  17,369  x  g  for  20  min  and  the  solution 
phase  separated  from  the  soil  phase  by  carefully  pipetting  off  the 
solution.  One  g  (wet  weight)  of  the  soil  was  weighed  into  a  prawelghod 
aluminum  pan  to  the  nearest  0.0001  g  and  oven  dried  at  104°C  ovor  night 
for  determination  of  percent  solids.  The  remainder  of  the  soil  sample 
was  extracted  with  50-ml  portions  of  methanol  three  times  using  a  sonic 
probe  (Fisher  Scientific,  Springfield,  N.  J,).  In  a  preliminary  study 
methanol  was  found  to  be  a  more  effective  solvent  for  extracting  TNT 
from  soils  than  benzene  or  methylene  chloride.  Jenkins  and  Grant  (1987) 
reported  that  methanol  extraction  using  sn  ultrasonic  bath  was  more 
effective  than  using  Soxhlet,  mechanical  shaking,  or  a 
homogsnizsr-sonlcator  for  removing  TNT  from  soils.  The  sonic  probe  was 
submersed  in  the  solvent  just  above  the  soil  surface  and  activated  fur 
three  min  according  to  EPA  Method  3330  for  Sonic  Extraction  of  Solids 
(EPA  1986),  After  sonlcation,  samples  were  centrifuged  at  17,369  x  g 
for  20  min,  The  extracts  were  pipetted  off  and  the  soils  were 
reextracted  with  fresh  portions  of  sethanol.  When  the  final  extraction 
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had  baan  complatad,  tha  extract  vaa  filtarad  ualng  a  Bucknar  funnel  with 
Whatman  no.  41  flltar  paper.  Tha  thraa  axtraota  from  aaoh  replicate 
ware  combined,  oonoantratad  under  a  atream  of  N2  in  tha  dark,  and  froxan 
at  *5°C  until  tlaa  for  analyala  by  gaa  liquid  ohromatography  (OLC). 

Tha  aolution  phaae  was  axtraetad  thraa  tlmaa  with  methylene 
chloride  by  ahaking  In  a  aaparatory  flaak,  allowing  phaaea  to  aeparate 
for  about  13  min,  and  removing  tha  axtraot.  Sodium  aulfata  (NX2S04)  waa 
added  to  each  extract  to  remove  any  water  eoextraoted  by  the  aolvent. 

The  extracta  were  then  filtered  to  remove  the  Extracta  were 

concentrated  under  a  atream  of  N2  in  the  dark,  and  froxan  at  -5°C  until 
time  for  analyxla  by  OLC, 

Statlatical  Analvxla 

Data  waa  aubjacted  to  a  two  factor  analyala  of  variance  to  teat  for 
differenoea  between  maana.  When  it  waa  neceaaary  to  reject  the  null 
hypotheala,  Lavene'a  Teat  for  homogeneity  of  varlancaa  waa  performed 
(Brown  and  Forayrha  1974),  If  reaulta  Indicated  that  variancea  were 
different  at  the  0.05  level  of  probability,  a  traneformation  waa  applied 
to  the  data  In  an  effort  to  achieve  homogeneity  of  variancea.  When 
variancea  remained  unequal  after  varioua  tranaformatlona  were  applied 
(aquare  root,  Logi°,  log2,  In,  and  log>log),  analyala  of  data  by  a 
nonparametrlc  procedure  (e.g,,  Frledman'a  Teat)  waa  performed, 

Differenoea  found  ualng  nonparametrlc  procedurea  wire  aeparated  by 
conducting  multiple  eompariaona  for  nonparametrlc  analyala  of  variance 
(Zar  1984).  When  reaulta  indicated  that  variancea  were  homogeneoua,  a 
Waller-Duncan  K-Ratlo  Teat  (Steel  and  Torrie  19S0)  waa  uaad  to  aaparata 
differenoea  among  treatment  maana. 
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PUnt  Uptake  of  TNT.  4ADNT.  and  2ADNT 

friBKittan  and  Xtutmfc  a t  flail* 

Mathoda  of  oolloetlon,  characterisation  by  ohoalcol  and  phy ileal 
testa,  and  initial  praparatlon  of  the  two  teat  aolla,  Tunica  ailt  and 
Sharkey  olay,**  are  deaoribed  by  Folson  at  al.  (in  preparation). 

Initial  preparation  inoluded  air- drying  of  soils  followed  by  grinding  to 
pass  through  a  2-ma  slave.  Soils  thus  prepared  were  sealed  In 
nonoorroslve  drums  and  stored  in  a  greenhouse  at  21  to  30°C  until  used. 

Previous  experiments  had  shown  that  applying  crystalline  TNT 
directly  to  dry  soil  end  hand-mixing  produced  an  uneven  distribution  of 
TNT  throughout  the  soil,  When  this  treatment  method  was  used,  the 
variability  in  TNT  concentrations  between  samples  was  unacceptably  high 
(Folsom  at  al,  in  preparation),  Therefore,  an  alternate  treatment 
method  was  developed  for  the  present  study  In  which  solutions  of 
treatment  compounds  (TNT,  4ADNT,  and  2ADNT)  were  added  to  soils.  The 
entire  amount  of  the  respective  compounds  was  applied  to  a  small  aliquot 
of  soil.  This  treated  aliquot  was  then  mixed  with  a  larger  batch  of 
soil  that  was  distributed  Into  pots  for  the  plant  uptake  study. 

Three  small  aliquots  (360  g)  of  silt  and  threq^of  clay  were  treated 
with  water  to  make  a  thick  slurry  that  could  ba  mixed  readily  in  a  malt 
mixer.  Two  hundred  millilitres  of  water  was  added  to  each  aliquot  of 
the  silt,  and  400  ml  was  added  to  each  aliquot  of  the  clay.  One  aliquot 

**These  two  soils  wars  used  in  the  plant  bioassay  because  of  a 
prior  agreement  with  the  sponsoring  laboratory  (US  Army  Medical 
bioengineering  Research  and  Development  Laboratory) .  The  agreement  was 
made  prior  to  initiation  of  teats  of  AAP  soils. 


of  each  typo  of  soil  woo  trootod  with  on  oootono  solution  containing 
[U-^C]TNT  (California  Blonuolaar  Corporotion,  Sun  Volloy,  Collf.)  and 
unlobolod  TNT;  ono  aliquot  of  oooh  ooil  typo  woo  trootod  with 
[methyl *14G]4ADNT  (Colifornio  Blonuoloor  Corp.)  and  unlobolod  4ADNT;  one 
aliquot  of  each  soil  typo  woo  trootod  with  only  unlobolod  2ADNT ,  Only 
unlobolod  2ADNT  woo  uaed  boeouao  ^C- labeled  2ADNT  woa  not  ovoiloblo. 

The  ocotono  aolutlon  woa  dropped  alovly  (about  10  dropa/min)  into 
tho  soil  alurry  while  it  woa  being  nixed.  When  the  deeired  amount  of 
treatment  compound  hod  boon  added  to  each  aoll  aliquot,  tho  alurrioa 
wore  poured  into  individual  ahollow  pane  and  allowed  to  air  dry  for 
approximately  ?  daya  on  tho  laboratory  banoh.  During  this  time,  the 
•oil*  were  oxpoaed  to  intermittent  laboratory  lighting.  Any  caked  aoil 
that  had  formed  during  drying  woa  broken  up  by  grinding  with  a  mortar 
and  paatlo.  Treated  aamplaa  were  retained  for  treatment  of  tho  larger 
•oil  batchea  (19,000  g  total)  required  for  tho  plant  uptake  study,  The 
treatments  produced  a  final  activity  in  the  large  batchea  of  aoil  of 
4.16  x  10'3  uCi  per  g  of  TNT-treated  aoil,  and  3.8  x  10*2  uCi  per  gram 
of  4ADNT-treated  aoil,  Final  aoil  concentrations  wore  80  ug  of  TNT, 
4ADNT ,  or  2ADNT  per  g  of  aoil  on  an  oven-dry  weight  (ODW)  basis, 

The  large  aoil  batches  ware  fertilised  to  ensure  adequate  nutrition 
for  plant  growth,  Bach  soil  batch  received  30  ug  N  as  (NH^SO^,  23  ug 
P  aa  NaH2P04,  and  25  ug  K  as  KC1  per  gram  of  aoil.  Thla  correspond*  to 
a  rate  of  56  kg  nitrogen,  28  kg  phoaphorua,  and  28  kg  potassium  per 
hectare,  The  ailt  and  tha  olay  required  addition  of  oalclum  carbonate 
(i.e.,  lima  requirement  aa  described  by  Allison  and  Moodia  1963)  to 
ralaa  the  pH  to  7,0,  prior  to  oonducting  the  UBS  plant  bloaaaay 
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procedure  (Folsom  and  Lee  1981),  Only  reagent-grade  chemicals  were 
used. 

Sell  batches  of  IS  kg  were  dry -mixed  In  •  twin  shell  dry  soil 
blender  (Pattereon-Kelley  Co.,  East  Stroudsburg,  Pa.)  (Figure  5). 

Controls  were  mixed  before  treatments  and  received  fertiliser  and  lime 
only.  Mixing  of  soil  and  fertiliser  was  Interrupted  after  5  min  for 
addition  of  the  soil  aliquot  containing  treatment  compound.  Mixing  was 
resumed  for  IS  min. 

During  the  dry-mixing  of  ^C- treated  soils,  all  precautions  were 
taken  to  minimise  contamination  of  greenhouse  surfaces  and  exposure  of 
personnel  to  treated  soils.  Access  to  the  grdenhouse  was  limited  to 
individuals  requiring  access.  Laboratory  ooats,  shoe  covers,  gloves, 
respirators,  and  film  badges  were  worn  by  all  individuals  In  the 
greenhouse,  All  greenhouse  lane  were  turned  off  while  dry  soils  were 
being  handled  and  remained  off  during  the  following  24  hr,  When  potting 
of  treated  soils  was  completed,  the  air  dispenser  on  the  greenhouse  fan 
Jet  was  removed  and  dlapoaad  of  in  a  radioactlva  waate  container.  Whan 
initial  aoll  treatment  and  potting  wart  completed,  all  greenhouse 
•ur feces  were  thoroughly  cleaned  and  aubj acted  to  wipe  tests  to  detect 
any  radioactivity. 

Five  raplicataa  containing  2,3  kg  of  aaoh  treated  aoll  on  an  ODW 
basis  wara  potted  In  a  modification  of  the  standard  WES  plant  bioassay 
apparatus  (Figure  6)  (Folsom  and  Lea  1981).  The  standard  apparatus  was 
modified  to  accommodate  a  3,3-1  plastic  Bain  Maria  pot  inside  s  7,6-1 
Bsin  Marie  pot  rather  than  tha  standard  7,6-1  inalda  a  22.7-1.  Soil* 
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were  moistened  to  0.03  to  0.03  MPa  (30  to  50  paroant  of  field  oapaoity, 
i.a.,  flald  oapaoity  aquals  0.00  MPa)  by  filling  tha  outar  bucket  with 
deionised  water  and  monitoring  tanaiomatara  (Modal  506M,  Xrromatar 
Company,  Xno.,  Rivers Ida,  Calif.)  plaoad  In  the  soil  of  aaoh  pot. 

Exoaaa  water  waa  alphonad  from  outar  pota  whan  tensiometer  readings 
raaohad  0.00  MPa. 

To  dataot  any  labeled  compound  that  may  have  laaohad  from  tha  aoll 
as  plants  war*  watered,  all  of  tha  water  siphoned  from  aaoh  treatment 
was  combined,  filtered  (Whatman  Mo.  5)  to  remove  any  incidantal  soil, 

and  evaporated  to  1  ml  using  a  low- temperature  hot  plats,  The  1  ml  of 

■  \\  ' 

water  remaining  after  concentration  was  diluted  with  20  ml  of  PCS  and 
counted  by  LS, 

One  replicate  from  each  treatment  and  control  was  randomly  selected 
and  designated  to  provide  material  for  the  investigation  of  analytical 
procedures. 

Pots  were  randomly  located  on  greenhouse  benches,  using  a 
computer-generated  random  numbers  table,  and  allowed  to  equilibrate  for 
20  days  prior  to  planting.  The  temperature  of  the  greenhouse  was 
maintained  at  a  daytime  maximum  of  30°C  and  a  nighttime  minimum  of  21°C. 
Since  natural  day  length  during  the  test  period  (Decomber  to  February) 
varied  from  slightly  more  than  10  hr  to  slightly  more  than  11  hr, 
supplemental  lighting  waa  used  to  maintain  a  16-hr  day  length.  A  16-hr 
day  produces  optimum  vegetative  growth  of  C.  esculentus  (Folsom  and  Lee 
1981).  A  photosynthetic  active  radiation  level  of  1,300  uE/mV*«o  was 
maintained  during  tha  63-day  period  of  the  experiment. 
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Soli  Sampling  and 


After  a  20-day  Incubation  period  (T20) ,  the  Soil  in  each  pot  was 
sampled.  Three  soli  cores  2  cm  in  diameter  and  10  to  12  cm  long  were 
taken  from  each  pot.  The  three  cores  were  combined,  mixed  well,  and 
retained  for  analysis  by  LS,  GLC,  and  combustion.  A  5-g  sample  was 
oven- dried  overnight  at  104°G  to  determine  oven- dry  weight.  Immediately 
after  sampling  of  soils,  three  sprouted  tubers  of  C.  esculentus  were 
planted  in  each  pot,  Methods  for  generating  and  sprouting  tubers  were 
given  by  Folsom  and  Lee  (1981) .  Plants  were  watered  when  tensiometer 
readings  exceeded  0.05  MPa.  Moisture  levels  were  monitored  daily  to 
maintain  0.03  to  0,05  MPa,  as  previously  described. 

Plant  and  Soil 


Sixty-five  days  after  potting  the  sol)*, (45  days  after  planting), 
plants  were  harvested.  Plants  from  each  pot  ware  clipped  2  cm  above  the 
soil  level,  weighed,  chopped  into  2-cm  segments,  and  the  segments  mixed 
well.  Each  sample  was  divided  Into  two  approximately  equal  subsamples, 
one  for  analysis  and  the  other  for  GLC  analysis.  Subsemples  from 
each  replicate  were  placed  into  plastic  Zlploc  bags.  Subsamples  for  GLC 
analysis  were  frozen  until  the  time  for  analysis.  Percent  moisture  was 
determined  by  oven-drying  (70°C  overnight)  2  g  of  plant  material  from 
each  of  the  subsamples.  The  remainder  of  the  subsamples  for  ^*C 
analysis  was  stored  In  the  dark  at  4°C  until  extracted  (within  4  days). 


A  soil  homogeneity  teat  waa  conduoted  Co  check  for  uniformity  in 
the  distribution  of  ^C-labeled  compound  throughout  the  batches  before 
[1*C]TNT-  and  [ ] 4A0NT^ treated  soil*  were  removed  from  the  twin-ahell 
blender  (Figure  5).  A  aample  (oa.  25  g)  waa  taken  from  each  of  the 
following  position"  with  regard  to  the  "V"  of  the  blender:  the  left 
aide,  the  right  aide,  and  the  bottom.  Three  5-g  aliquot*  of  the 
^C-treated  aoil  from  each  poaition  were  extracted  once  with  5  ml  of 
acetone.  Extraction  waa  accompliahed  by  ahaking  at  maximum  speod  (280 
excuraionn  per  minute)  for  10  min  on  a  reciprocating  box  ahaker  followed 
by  centrifuging  at  17,389  x  g  for  10  min.  One  millilitre  of  the 
extract  waa  diluted  with  20  ml  of  PCS  and  analyzed  by  LS  counting, 
Equivalent  concentrationa  of  TNT  and  4ADNT,  i.e.,  the  concentration 
aaaumlng  that  all  ^C  detected  was  from  original  ^C- labeled  treatment 
compound*  and  not  from  ^C- labeled  decomposition  products ,  ware 
determined  by  consulting  standard  curvas  of  the  respective  treatment 
solutions  (Appendix  A) . 

Preliminary  soil  QXtrflCtlgn  tm.  A  preliminary  soil  extraction 
test  was  conducted  to  determine  which  of  the  following  aolventa  waa  tho 
most  efficient  for  extraceihg  [^C]TNT  from  the  silt  and  clay:  acetone, 
benzene,  methanol,  and  methylene  chloride.  Four  5-g  replicates  of 
t^C] TNT- treated  soil  were  extracted  once  with  5  ml  of  solvent  in  a 
50-ml  stainless  steel  centrifuge  tube.  Extraction  and  analysis  by  LS 
were  accomplished  as  described  above  for  the  soil  homogeneity  test. 

Five  grams  of  untreated  soil  in  four  replicate*  was  extracted  in  the 


same  manner.  One  millilitre  of  the  extract  wa*  diluted  with  20  ml  of 


PCS  and  counted  by  L-S  for  20  min. 

Ex&ria&lonBf  i&Ujl  lam  plant,  ugsilsfl  asuAv,  sou  extraction  for 
analysis  of  the  aolla  aamplad  during  the  plant  uptake  atudy  was 
performed  in  the  asm*  way  as  for  the  soil  homogeneity  teat,  except  that 
aamplee  wore  extracted  three  time (l  ualnp  acetone,  the  advent  aelected 
on  the  baaia  of  reaulta  of  the  preliminary  aoll  extraction  test,  The 
three  axtbacta  ware  combined  end  concentrated Vnder  eatream  of  air  to  5 
ml.  Ona  millilitre  of  the  Oonoentrete  was  countud  by  15.  Standard 
curves  were  oonaulted  to  relate  CPM/ml  to  micrograms.of  TNT  or  4ADNT  per 
millilitre  (Appendix  A).  Micrograms  per  millilitre  of  aoll  extract  were 
then  related  to  mlorogreme  per  gram  of  toil  (ODW) . 

Cathfln-, train  tnalyna,.Qf,  Aa.UJL.  Two  carbon  treine  for  the 

J  i '  : 

complete  combustion  of  soil  temples  were  set  up  ancording  to  Nalsdn  end 
Sommers  (1982)  with  certain  modifications.  Modification*  were  made  to 
quantify  ^C02  by  LS  counting  instead  of  determining  total  carbon 
gravlmatrically.  A  diagram  of  the  carbon  train  la  shown  in  Figure  7. 

Commercially  supplied  compressed  oxygen  regulated  by  a  flow  valve, 
waa  purified  by  paaaage  through  e  10  percent  potassium  hydroxide  (KOH) 
trap.  The  oxygen  -'low  rate  was  adjusted  to  approximately  100  ml/min. 

The  purified  oxygen  then  passed  through  a  quarts  glass  combustion  tube 
housed  in  a  medium- temperature  induction  furnace  (950°C) .  A  porcelain 
combustion  boat  containing  the  weighed  soil  uamplt  was  placed  in  the 
center  of  the  combustion  tubs,  and  tha  tuba  was  sealed  immediately  with 
a  atopper  through  which  the  oxygen  flowed,  Before  exiting  the  tube, 
excess  oxygen  and  the  gases  evolved  from  the  burned  sample  were  passed 


INTILLATION  TRAP 


over  platinized  asbestos,  which  acted  as  a  catalyst  to  ensure  the 
complete  oxidation  of  CO  end  any  other  volatile  C  compounds  to  CO2.  The 
gases  were  then  freed  of  most  water  vapor  by  passage  through  a  washing 
bottle,  or  trap,  of  concentrated  sulfuric  acid  (H2SO4) ,  Remaining 
moisture,  as  wall  as  oxides  of  nitrogen  and  sulfur  and  the  halogens,  was 
removed  by  passage  through  a  U-tube  filled  with  anhydrous  Mg (0104)2  on 
the  first  side  and  Mg02  on  the  other.  Samples  were  burned  for  10  min, 

The  CO2  was  trapped  In  a  sealed  glass  test  tube  containing  20  ml  of 
0xifluor-C02  (complete  oxidizer  cocktail  for  the  absorption  of 
radioactive  CO2)  (New  England  Nuclear  Research  Products,  Boston,  Mass). 
Ten  millilitres  of  Oxlfluor-CQ2  incorporate  14  millimoles,  or  0.60 
g,  or  300  ml  (at  standard  temperature  and  pressure)  of  CO2.  The 
trapping  tube  was  vented  Into  a  vial,  also  containing  20  ml  of  Oxlfluor 
to  ensure  that  no  ^C02  would  be  lost  If  the  first  crap  ware  exhausted. 
Oxlfluor  from  both  tubes  was  counted  three  times  for  10  min  by  LS.  The 
train  wee  continuously  flushed  with  oxygen  between  successive  uses. 

Two  standard  curvss  were  prepared  to  assess  the  efficiencies  with 
which  the  oarbon  trains  were  able  to  recover  spikes  from  the  soils. 
t^C]TNT  was  arbitrarily  salected  for  the  efficiency  determination. 

Silt  was  used  with  one  train  exclusively  end  clay  with  the  other  to 
minimize  verlebility,  Direct  apiklng  of  soils  as  the  samples  were 
pieced  into  the  combustion  tube  produced  unacceptable  variations  in 
recovered  ^C02,  This  may  have  been  due  to  rapid  volatilisation  of 
samples  before  the  combustion  tube  oould  be  seeled.  To  reduce  the 
variation  end  improve  recovery  of  eplkee,  the  operating  efficiencies  of 


the  carbon  trains  ware  determined  by  burning  soli  samples  onto  which 
[14<j] TNT  had  been  adsorbed. 

A  atook  solution  containing  16.0  ug/ml  total  TNT  (^C- labeled  plus 
unlabeled)  and  0.023  uCi/ml  (^C)TNT  was  diluted  with  RO  water  to 
produce  six  concentrations  of  TNT.  The  total  TNT  concentrations  used 
(14C-labeled  plus  unlabeled)  were  0.0,  1,28,  3,2,  6.4,  9.6,  12. B,  and 
16,0  ug/ml.  Five-gram  samples  of  each  soil  type  (silt  and  clay)  for 
aaah  test  concentration  were  weighed  into  50-ml  stainless  steel 
centrifuge  tubes  in  three  replicates.  Twenty-five  millilitres  of 
(14c]tnt  solution  were  added  to  each  tube,  and  the  tubes  were  sealed  and 
plaoed  on  a  reciprocating  box  shaker  operated  at  maximum  speed.  Three 
replicates  of  tubes  prepared  in  the  same  manner,  bur.  containing  only 
(14q|tnt  solution  (no  soil)  ware  run  simultaneously  with  the  soil 
samples  to  measure  any  adsorption  of  solution  to  walla  of  the 
centrifuge  tubes.  After  2  hr,  all  samples  were  removed  from  the  shaker 
and  centrifuged  at  17,396  x  g  for  10  min.  Three  1-ml  aliquots  of 
solution  ware  removed  from  each  tube  and  counted  in  20  ml  of  PCS  by  LS 
for  20  min.  Soil  samples  containing  adsorbed  [^CJTNT  were  froa  m  until 
the  time  for  analysis  (not  ox  t  then  2  weeks). 

After  thawing,  six  0,3-g  soil  samples  from  each  centrifuge  tubs 
were  weighed  to  the  nearest  0.0001  g  into  porcelain  combustion  boats. 

The  wet  soil  in  each  boat  was  overlaid  with  a  thin  covering  of  burnt 
aoll  to  prevent  effervescence  or  flashing  (incomplete  combustion).  A 
1-g  sample  from  each  tuba  was  weigbad  into  an  aluminum  pan  and  placed  in 
a  forced-draft  ovan  at  104°C  overnight  for  determination  of  ovan-dry 
molatura,  Noiatura  lose  from  tha  wet  soils  during  weighing  was  fairly 


rapid;  therefore,  the  first  boat  weighed  was  paired  with  the  last  boat 
weighed,  the  second  with  the  fifth,  and  the  third  with  the  fourth  for 
oombuation  in  the  earbon  train.  This  procedure  war  used  to  compensate 
for  differences  in  moisture  between  weighings.  Eaoh  boat  of  a  pair  was 
combusted  in  a  separate  run  of  the  train,  but  ^C(>2  from  both  boats  was 
trapped  in  the  same  set  of  Oxifluor  traps.  Counts  per  minute  from  both 
sets  of  Oxifluor  traps  wars  combined  after  subtraction  of  solution 
background  counts.  The  sum  was  eorroetsd  to  oven-dry  weight  to  obtain 
CPM  per  gram  of  combusted  soil. 

To  obtain  an  expected  CPM  in  the  soil  phase,  total  CPM  in  the 
solution  phase  were  added  to  rotal  CPM  adsorbed  to  the  centrifuge  tube 
and  the  sum  subtracted  from  the  total  CPM  initially  added  to  each  tube. 
Efficiency  curves  were  prepared  by  plotting  the  expected  versus  the 
actual  CPM  found  for  each  soil  type  and  its  respective  carbon  train.  A 
regression  analysis  was  performed  on  the  ourves  to  determine  whether 
their  slopes  were  significantly  different  from  one  another. 

QLC  AruOaiU-dLlalli 

US  EPA  Standard  Method  3540  for  extraction  of  organic  compounds 
from  solid  wastes  (US  EPA  1982)  was  used  to  extract  soil  samples. 
Analyses  were  performed  by  the  Analytical  Laboratory  Group, 
Environmental  Laboratory,  WES.  Twenty-gram  soil  samples  were  extracted 
by  Soxhlet  for  17  hr  in  hexane -ace tone  (1:1  by  volume).  Approximately 
20  grama  of  anhydrous  sodium  sulfate  was  added  to  each  extract  as  a 
dehydrating  agent.  Prior  to  GLC  analysis,  extracts  were  concentrated 
and  transferred  to  1  ml  of  bensene  in  Kuderna- Danish  tubes  with 


condensers. 


A  dual-column  Hevlett-Packard  Modal  5880  GLC  waa  employed  for 
analysis  of  soil  and  plant  axtraots.  Ths  instrument  hod  two  30-m  fusad 
silica  capillary  columns.  0ns  column  <0 . 329-rnm  internal  diamatar)  was 
coated  with  DBS  (J  and  W  Scientific,  Folsom,  Calif.),  while  the  other 
(0.310-mm  internal  diameter)  was  ooated  with  SP2100  (Supeloo,  Inc., 
Bellefonte,  Pa.).  The  columns  were  of  widely  separated  polarities. 
Helium  (pressure,  110  kPa)  was  the  carrier  gas.  A  nitrogen-phosphorus 
detector  at  a  temperature  of  300°C  was  ussd.  The  injection  port 
temperature  was  250°C.  A  lower  temperature,  200°C,  was  tried  in  an 
attempt  to  minimise  degradation  of  injected  compounds,  but  no 
Improvement  was  achieved.  The  Instrument  was  programmed  for  a 
temperature  gradient  of  100  to  200°C  in  5°C  per  minute  Increments. 
Analysis,,  of  ElmU 

Plant  yields.  All  freshly  harvested  plant  material  from  each 
replicate  was  weighed  to  the  nearest  0.1  g  (total  fresh  weight). 
Oven-dry  weight  was  determined  to  the  nearest  milligram  by  drying  (70°C 
overnight)  a  2.0  g  subsampla  of  the  fresh  plant  material  harvested  as 
described  previously.  Yields  for  all  plant  matsrial  in  each  pot  were 
calculated  from  the  dry  weight  of  the  2  g  subsample. 

Preliminary  Plant  extraction  test.  A  preliminary  extraction  test 
was  oonduoted  on  plant  material  to  determine  which  of  the  following 
solvents  was  the  most  efficient  extractant  of  (^C)TNT:  acetone, 
benxene,  hexane/aeetone  <1:1  by  volume),  or  methanol.  Two  grams  of 
plant  material  (fresh  weight)  from  control  and  TNT- treated  replicates 
that  had  been  designated  for  investigation  of  analytical  procedures  waa 
extracted  in  30-ml  stainless  steel  centrifuge  tubes.  Three  replicates 
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ware  extracted  for  each  coat  solvant,  Extraction  waa  performed  by 
homogenising  plant  material  in  20  ml  of  solvent  with  a  Polytron 
(Brlnkmann  Ina truaants ,  Vaatbury,  N.Y, )  operated  at  maximum  speed, 
Homogenatea  were  centrifuged  for  10  min  at  17,369  x  g  and  the  extracts 
removed  with  a  paateur  pipette.  One  millilitre  of  the  extract  was 
diluted  with  20  ml  of  PCS  in  a  scintillation  vial  and  counted  for  20 
min  by  L8  using  the  internal  standard  method  deseribed  by  Wang,  Willis 
and  Loveland  (1975),  Each  vial  was  spiked  with  [14C]TNT  (Internal 
standard)  and  recounted  for  20  min.  The  counting  efficiency  (CE)  for 
each  vial  was  calculated  using  the  following  equation: 

(CPM  of  Internal  standard  +  sample)  ■  (net  CPM  of  sample) 

CE  - _ 

disintegrations  per  minute  of  internal  standard 

lag. allot  SlfflPlU.  Extraction  of  plant  material  was 
performed  in  the  same  way  as  described  above  for  the  preliminary  plant 
extraction  test,  except  that  samples  were  extracted  three  times  using 
benrene,  This  was  the  solvent  selected  by  comparing  14C  counting 
efficiencies  for  spikes  by  eech  solvent  In  the  plant  extraction  teat. 
Thraa  axtraots  of  tha  same  sample  ware  combined,  concentrated  to  1  ml 
under  a  atraam  of  air,  and  counted  in  20  iuI  of  PCS  by  LS. 

Extraction  of  all  remaining  nlant  material .  Since  14C  counts 
datsetsd  in  tha  initial  extracts  of  2»g  plant  temples  wore  vary  low,  all 
remaining  plant  material  in  *4C  subsamplaa  was  sxtraotsd  with  bsnzsns  to 
increase  tha  chances  of  detecting  14C.  Flve*gtam  samples  were  weighed 
until  all  material  for  each  replicate  had  bean  used.  An  equal  weight  of 
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Anhydrous  NA2SO4  and  20  ml  of  b«nzen«  wars  added  before  che  samples  were 
homogenized  in  the  Polytron,  Extraction  was  performed  as  above,  except 
that  only  one  extraction  was  done.  Extracts  from  the  same  replicate 
were  oomblnad,  concentrated,  and  counted  by  lit. 

Standard  curves  were  prepared  for  ( ^C]TNT  and  ( ] 4ADNT  using 
extraots  of  untreated  plant  material.  Plant  material  was  prepared  as 
described  above  for  extraction  of  2  g  plant  samples.  Extraot  was 
measured  into  scintillation  vials  containing  20  ml  of  PCS,  spiked  with 
the  following  dilutions  of  ^C* labeled  compound  (8,  4,  2,  1.6,  0.B,  0.4, 
0  ug/ml),  and  counted  for  20  min  by  LS.  Micrograms  of  TNT  or  4ADNT  per 
millilitre  of  extraot  were  determined  from  a  standard  curve  relating  CPM 
per  millilitre  to  ug  of  TNT  or  4ADNT  per  millilitre  of  extract  (Appendix 
A) ,  Oven-dry  plant  material  was  calculated  as  mlorograms  per  gram  from 
micrograme  per  millilitre  of  solvent  end  ODV  of  plant  material 
extracted. 

QLC  Analysis.  Five  grams  of  fresh  plant  material  was  homogenized 
in  the  Polytron  with  40  ml  of  benzene  and  approximately  5  g  of  anhydrous 
sodium  sulfate.  Extracts  were  filtered,  concentrated  to  1  ml,  and 
analyzed  by  GLC. 

S.uUa  tlsf.LjunIyj.n 

Analysis  of  variance  (AN0VA)  using  a  completely  randomized 
experimental  design  was  performed  on  the  data  to  test  for  differences 
among  treatment  means  (F  Tests).  The  AN0VA  was  conducted  using  the 
procedures  available  with  SAS  (SAS  Institute,  Inc.  1985).  When  the 
ANQVA  showed  that  the  null  hypothesis  must  be  rejected,  linear 
contrasts  (Steel  and  Torrie  1980)  or  the  Waller-Duncan  K-Ratio  T-Test 


was  uaad  to  aaparata  differences  between  meena.  The  probability  of  a 
Type  I  error  was  0,0$  In  the  F  Teats  end  In  each  contrast.  In  comparing 
percent  recoveries  of  by  extraction  and  by  carbon  train,  the  T-Teet 
procedure  available  with  SA8  was  employed.  Carbon  train  efficiency 
curves  data  were  subjected  to  linear  regression  analyses, 


PART  IV:  RESULTS  AND  DISCUSSION 


Miamian  and  Bnanttaa  aSJXELM. 
Soils  ftan.Saliattd, MEi 


Soil  jBhMitttigtoitian 

Table  3  li«Ci  th*  aoll  typaa  of  tha  AAPa  aoeordln|  to  Soil 
Conservation  Service  maps  for  tha  various  araaa.  Raaulta  of  tha  aoll 
characterisation  taata  ara  glvan  In  Tabla  4.  In  general,  tha  AAP  aolla 
represented  a  vida  ranga  In  aoll  charaotarlatloa.  Avaraga  paroant  OC, 
CSC,  and  elay  vara  ralatlvaly  low,  but  ara  not  atypical  of  aolla  in  tha 
aaatarn  and  central  United  States  (Buekaan  and  Brady  1969). 

3Mn^U.vtE  ChromatoiK*Blilfl-.aflriiiilni 

aslia6lon.  ol  SKUSCtlng  SOlYint,  Results  of  tha  solvent  extract 
test  ara  given  In  Tabla  3,  Aoatona  extracts  of  tha  uncont.iminatad  clay 
ooll  produced  UV- visible  spots  on  tha  chromatographic  plat* a  above  tha 
origin,  while  tha  other  three  solvents  produced  none.  Rf  values  of  tha 
two  spots  corresponded  closely  with  Rf  values  of  two  standard  compounds 
(2.3DNT  and  4,4'AZOXY),  Therefore,  acetone  extracted  potentially 
interfering  compounds  and  could  not  be  used  as  the  extractant,  of  choice. 
Since  methanol  had  been  shown  in  a  preliminary  experiment  to  be  as 
efficient  as  acetone  and  more  efficient  than  the  other  two  solvents 
tested,  methanol  was  selected  as  the  extracting  solvent  for  TLC 
screening  of  the  AAP  soils, 


36 


. . .  n-wi  hii.ii,^ 


irtmru  r 


Table  3 

US  Soli  Conservation  Service  Boll  Types  of  SAP  Soils 
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Site  . . . 

Soil  Tvue 

Comhuakera 

★ 

Crane 

Loamy  Orthents 

Hoi a ton  burning  ground 

Altavista  Silt  Loam 

Hoi a ton  roadside 

Hoi a ton ‘Urban  Land  Complex 

Iowa 

Ladoga  Silt  Loam 

Joliet 

Elliott  Silt  Loam 

Kanaas 

Clayay  Orthents 

Lonestar 

Sawyer  Silt  Loam 

Longhorn 

Seotsvilla  Sand  Loam 

Louisiana 

Prentiss  and  S tough  Silt  Loams 

Newport 

Loamy  Orthents 

Radford 

Caneyvllla  Silt  Loam 

Savanna 

* 

Volunteer 

a 

Clay 

Sharkey  Clay 

Silt 

Tunloa  Silt 

*  Soil  map  unavailable.  Soil  type  not  known. 

Selection  of  advent  avatam.  Rf  value*  for  TNT,  4ADNT ,  and  2ADNT 
migrated  in  the  three  tear,  aolvent  systems  are  given  in  Table  6.  The 
differenoe  between  Rf  valuea  obtained  when  all  three  atandarda  war r 


Table  4 
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Table  5 

PqfncUl  Inf  rftrancfl  of  SsmsmiM.  Extriftffl.-figia-  an  ,Unc<>nfmlnaf  d 
Clay  Soil  on  ILC  Amlxala  at  TOT.,  and  Ita  amidaUfla  Zcadufi&t 


Extractant  . . 

Number  of  Spote 

Above  Oriain 

Rf  Values 

acetone 

2 

0.66,  0.89* 

benzene 

0 

0 

methylene  chloride 

0 

0 

methanol 

0 

0 

*  Meaoa  of  three  extractions  plotted  once. 

Tablet  6 

Ef„  ValuftA-Iax.  m+JAm . jmd,..2ABHl  MUcaf  d 

in  Three  Solvent  Svetema 

Rf  Values  of 

- Standard  Jtemmadi. 


.  TNT 

4ADNT 

2ADNT 

benz^no/ethyl  acetate 

(75:25) 

0.74* 

0.50 

0.42 

benzene /hexane/pentane 

(50:40:10) 

0.33 

0,08 

0.08 

benzene/chloroform  (75 

!  25) 

0.59 

0.25 

0.23 

*  Values  givon  represent  means  of  two  spots  on  t-.he  same  plate:  one 
composed  of  the  standsrd  alor.e;  and  one  composed  of  all  three  standards 
In  combination. 

combined  and  migrated  together  differed  from  Rf  values  of  individual 
standards  by  no  more  than  +/■  0.004.  All  three  systems  separated  TNT 
from  the  other  two  compounds.  However,  the  system  exhibiting  the  best 
separation  of  4ADNT  from  2ADNT  was  benzene/ethyl  acetate.  Once  good 


separation  of  4ADNT  and  2ADNT  was  assured,  Rf  values  for  the  remaining 
standard  compounds  ware  determined  in  bensene/ethyl  aoetate  (75:29). 
Table  7  shows  that  the  Rf  valuea  for  TNT  and  4,4'AZQXY,  and  for  3,4DNT 
and  2,3DNT  were  the  same,  or  nearly  the  same  (i.e,.  they  were  not 
separated).  Therefore,  adjustments  were  made  in  the  solvent  vatic  until 
all  standards  were  separated.  A  ratio  of  83:15  (benzene/ethyl  acetate) 
produced  the  best  separation  of  all  the  standards  (Table  7)  and  was 
adopted  fcr  analysis  of  the  AAR  soil  extracts. 

Table  7 

Acetate  Solvent  S vs tame 

Benzcno/gchYl  As  star,  a 


Standard .  Compound . . 

75:25 

. 85: I! 

2,4, 6- trinitrotoluene 

0.72* 

0.82 

4 - amino ■ 2 , 6  - dini tr oto luene 

0.42 

0.49 

t -  amino  * 4, 6 -Jinitro toluene 

0.37 

0.40 

2 ,4-diamino-6-dinitrotoluer;j 

0.14 

0.16 

2 , 6>diamino>4-dinltrotoluene 

0.20 

0.21 

2 ,4>dinitrotoluene 

0.60 

0.64 

2 , 6-dlnitro toluene 

0.62 

0.67 

3 ,4-dinitrotoluene 

0.35 

0.56 

2 , 3 -dinitro toluene 

0.55 

0.54 

2 , 5 -dinitro toluene 

0.66 

0.70 

2,2' , 6,6'-tetranitro- 
4,4' -azoxy toluene 

0.73 

t .  86 

*  All  values  are  means  of  thraa  spots  on  each  of  two  plates  (six  spots). 


Only  four  of  the  soils  exhibited  fluorescence  on 
chromatographic  plates  (Table  8).  All  others  showed  no  evidence  of 
fluorescence.  Each  of  the  four  shoving  potential  contamination 
exhibited  a  single  spot  only. 


Table  8 

&r  „Mglwi«Jfrr,  Sftlli  ShfltdnK  riugyaanai.  ar..Il£,&La£ftj 


Sail _  KfJEalUft 

Holston  burning  ground  0.20 
Crane  0.84 
Lonestar  0.81 
Kansas  0.86 


Only  one  of  these  Rf  values  corresponds  olosely  to  the  Rf  value  of  any 
of  the  standard  compounds  The  Rf  value  for  Holston  burning  ground 
(0.20)  is  very  close  to  the  Rf  value  for  2,6-dianrino-4-nitrotoluene 
(2.6D4NT)  (0,21),  Since  this  soil  cample  was  collected  near  an  old 
traah  burning  ground,  it  la  possible  chat  the  apot  represents 
contamination,  Therefore,  results  of  studies  conducted  with  this  soil 
must  be  Interpreted  with  care.  However,  all  other  soils  were 
uncontaminated, 

Sail  to  Solution  Ratio 

Adsorption  coefficienta  for  aach  soil  to  solution  ratio  are  shown 
in  Table  9,  Analysis  of  variance  showed  significant  differences  among 
the  Kg  values  for  the  retlos  tested.  Use  of  the  Valler-Duncan  K*Ratio 
Test  for  tepereting  differences  between  means  showed  a  significant 
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Table  9 

Adsorption  Coefficients  for  Each  Soli  to  Solution  Ratlp 
&A&1&  _ K  (!■--— 


1:3 

1:10 

1:20 

1:30 


4.8449  a 
3.9295  b 
3.1473  o 
2.6487  c 


*  Means  of  three  replicates.  Mean*  followed  by  the  same  letter 
aro  not  significantly  different  at  P  <  0.03  uelng 
Waller-Duncan  K-Ratlo  Test. 


difference  between  all  ratios  except  the  1:20  and  the  1:30  (P  <  0.05). 
The  K4  value  decreased  as  the  ratio  increased.  It  was  desirable  to 
compare  results  of  thla  study  with  results  of  a  study  of  the  effects  of 
redox  potential  on  adsorption  and  dasorptlon  of  TNT.  In  the  second 
study  it  wss  necessary  to  maintain  an  aqueous  suspension  of  soil.  The 
soil  to  solution  ratio  that  could  be  most  effectively  suspended  was 
1:20.  Therefore,  the  1:20  ratio  was  sslacted  for  all  subsequent  tests. 
Adsorption  KinaLi.cn 

Graphs  of  adsorption  kinetics  for  Joliet  and  Louisiana  AAP  aolla 
with  threa  concentrations  of  TNT  are  shown  in  Figures  8  and  9, 
reapectivaly.  Adsorption  occurred  rapidly.  Joliet  AAP  soil  reached  a 
steady  etate  significant  change  in  solution  concentration)  within 
1,0  hr.  More  than  half  of  the  TNT  was  adsorbed  within  the  firet  hour 
from  all  three  test  solutions,  After  2  hr,  the  solution  concentration 
began  to  decrease  again.  A  similar  decrease  was  reported  by  Tucker  at 
al.  (1985),  who  followed  the  adsorption  kinetics  of  TNT  in  soil  by  high 
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Figure  9.  Adsorption  kinetics  curves  for  TNT  in  soil  fron  Louisiana 
AAP  using  three  concentrations  of  TNT  in  aqueous  solution.  (Vertical 
bars  represent  +/-  1  standard  deviation  unit  froa  the  Mean. ) 
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performance  liquid  chromatography  (HPLC)  of  extracts  of  the  solution 
phase.  They  attributed  this  deorsaae  in  solution  concentration  after 
reaching  a  temporary  steady  state  to  microbial  degradation  of  TNT  in  the 
soil  phase.  Their  conclusion  was  supported  by  the  presence  of  microbial 
degradation  products  in  the  solution  phase,  If  degradation  products  are 
formed,  a  decrease  in  solution  counts  may  be  due  to  a  shift  in  the 
partitioning  (equilibrium)  caused  by  the  difference  between  adsorption 
of  TNT  and  adsorption  of  the  product  or  products  being  formed.  It  is 
also  possible  that  the  heat  of  friction  generated  during  the  teat  caused 
some  decomposition  resulting  in  a  shift  in  the  partitioning. 

The  Louisians  AAP  soil  reached  a  steady  state  within  0.5  hr  and 
maintained  the  steady  state  for  at  least  2  hr  at  all  tested 
concentrations  of  TNT.  A  decrease  in  solution  concentration  similar  to 
the  decrease  observed  in  the  Joliet  AAP  soil  was  observed  after  two 
hours  in  the  Louisiana  AAP  soil.  However,  the  decrease  proceeded  more 
slowly  in  the  Louisiana  AAP  soil.  It  is  possible  that  the  higher  OC 
content  of  the  Joliet  AAP  soil  increased  the  rate  of  microbial 
degradation  by  providing  substrate  for  the  microorganisms.  Several 
investigators  (Klausmeier,  Oamon,  and  Hoffsommer  1973;  Osmon  and 
Klausmeler  1972;  Won  et  al.  1974)  have  found  that  although  TNT  cannot 
act  as  the  sole  carbon  source  for  all  microorganisms,  microbial 
degradation  of  TNT  can  proceed  in  the  presence  of  other  carbon  sources. 

Ptiorptlpn,  MniUfli 

Desorption  kinetics  curves  for  Joliet  and  Louisiana  AAP  soils  are 
presented  in  Figures  10  and  11,  respectively.  Joliet  AAP  soil  reached  a 
eteady  state  in  1.5  hr  and  Louisiana  AAP  soil  reached  a  steady  state  in 
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2  hr.  Thai*  results  indicate  chat  desorption  occurs  almouc  as  rapidly 
as  adaorption.  From  2  to  10  hr,  no  significant  changa  in  tha 
ooncantration  of  TNT  in  tha  solutions  was  obaarvad.  Whan  a  staady  state 
of  daaorptlon  was  raachad,  Joliat  AA?  soil  still  ratainad  an  avaraga  of 
12.5  paroant  of  tha  addad  TNT;  Louisiana  AA?  soil  ratainad  6.25 
paroent. 

Bauh.AAiamlan 

Batch  adsorption  data  for  all  of  tha  taatad  AA?  soils  ara  prasentsd 
in  Tabla  10.  Adsorption  data  wars  fit  to  a  linear  and  two  nonlinear 
models  that  ara  commonly  usad  to  relate  solid  and  aqueous  phase 
contaminant  conoantratlons  in  soils.  The  two  nonlinear  models  were  the 
Langmuir  Isotherm  Modal  and  tha  Fraundlloh  Isotherm  Model.  Equations 
for  aaoh  Modal  ara  praaantad  below  (aquations  1*3,  respectively) 

(Weber  1972). 

q  -  KdC  (1) 

q  -  QbC/(l  +  bC)  (2) 

q  -  KdC  Vn  (3) 

where  q  la  tha  solid  phase  concentration  of  contaminant  (ug/g) ,  Kj  is 
tha  adsorption  coefficient  (ml/g) ,  C  is  the  solution  concentration  of 
tha  oontaulnant  (ug/ml) ,  Q  is  tha  monolayer  sorption  capacity  (ug/g) ,  b 
Is  tha  Langmuir  constant  related  to  entropy,  and  n  is  tha  Freundlich 
characteristic  oonstant.  Modal  parameters  for  t^e  two  nonlinear  models 
ware  determined  by  fitting  tha  experimental  data  to  tha  linearised 
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form*  of  the  Langmuir  and  Fraundllch  Modal*  as  given  below  (equations  h 
and  5,  respectively)  (Voice  and  Weber  1983). 

i/i  -  <VQ)  +  <i/bq)a/o  (4) 

lnq  -  lnK^j  +  <l/n)lnC  (5) 

Model  parameter*  and  statistical  information  for  batch  adsorption 
of  TNT  onto  test  toils  are  presented  In  Table  11.  Examination  of 
R- square  values  across  models  for  each  soil  indicated  that  the 
adsorption  data  fit  the  Langmuir  Isotherm  Model  more  closely  than  the 
data  fit  either  the  Fraundllch  or  the  linear  nodal  for  every  soil. 

There  was  less  difference  between  R- square  values  of  the  Langmuir  and 
Freundlloh  Models  than  between  the  linear  model  and  either  of  the  other 
two.  The  faot  that  the  data  fit  the  Langmuir  Model  indicated  that 
adsorption  of  TNT  reached  a  maximum  as  adsorption  sites  In  the  noil  were 
filled. 

Plots  of  adsorption  Isotherm  models  for  two  soils  (Joliet  and 
Newport)  are  shown  with  their  respective  R- square  values  In  Figures  1?. 
and  13.  (See  Appendix  B  for  Isotherms  of  remaining  sells.)  Inspection 
of  the  data  points  revealed  that  the  point  for  the  highest  TNT 
concentration  (16  ug  TNT/ml)  fell  below  the  model  curve  for  all  soils 
except  for  clay  and  Joliet.  This  observation  suggests  that  maximum 
adsorption  (saturation  of  the  TNT* adsorption  sites  In  the  soil)  had  been 
reached  with  less  than  16  ug  TNT/ml.  In  that  case,  the  final  data  point 
would  represent  no  further  adsorption  and  oould  interfere  with  fitting 
of  the  data  to  the  linear  model.  Therefore,  a  regression  analysis  was 
conduoted  omitting  the  highest  concentration  data  point  In  order  to 
examine  the  linearity  of  the  adsorption  isotherms  prior  to  the  high 
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JOLIET 


Figura  12.  Joliat  AAP  data  plottad  with  threa  laotharm  modal* 


point  (Table  12).  Comparison  of  those  R- square  values  with  those  from 
the  Langmuir  Model  inriii et  »d  that  tho  Langmuir  Model  was  still  the 
batter  fit. 


Table  12 

R-Sauira  Vtlun  for  Four-faint  Atiaggptlon.IinthttHM 


Soil  . .  . . 

R-  acuers 

Soil 

R-sausre 

Cornhuskers 

0.9356 

Longhorn 

0.9296 

Crane 

0.9292 

Louisiana 

0.9077 

Holston  burning  ground 

0.9125 

Newport 

0.8915 

Holston  roadside 

0.9490 

Radford 

0.9325 

Iowa 

0.9300 

Savanna 

0.9388 

Joliet 

0.9746 

Volunteer 

0.9452 

Kansas 

0.9761 

Clay 

0.9694 

Lone star 

0.8701 

Silt 

0.8839 

Results  of  a  Pearson  correlation  analysis  of  adsorption  values 
with  soil  properties  are  shown  in  Table  13.  Adsorption  was  most  closely 
correlated  with  extractable  iron  (r  -  0.89)  and  CKC  (r  -  0.87). 
Ordinarily,  adsorption  of  hydrophobic  compounds  that  exhibit  low  aqueous 
solubilities  (less  than  10-3  M)  and  that  ara  ng.w„ IUggfiB.Ufal8  J& 
aneciatlon  changes  or  complex  formation  la  controlled  by  the  organic 
carbon  fraction  of  the  soli  (Karlckhoff  1981).  For  example,  when  the 
ratio  of  mineral  to  organic  carbon  content  is  i’ss  than  30,  minsral 
contributions  to  adsorption  are  usually  masked  (Karlckhoff  1984) ,  The 
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Table  13 

timan.  Correlation  Veluaa  (R1  for  Adsorption 

Kd  Viluti  with  ,8.911,  Eifluttlta 


Soil _ Property 

R 

Soil  Prooertv 

R 

Iron 

0.89213 

Percent  silt 

0.16959 

CEC 

0,86560 

pH 

0.16798 

Percent  Clay 

0.70079 

Manganese 

0.04127 

Percent  OC 

0.40174 

EC 

-0.39643 

Calcium 

0.34983 

Percent  tend 

-0.55073 

Aluminum 

0.17950 

ratio  of  minaral  to  organic  carbon  in  the  AAP  aoila  waa  lnaa  than  30 
(except  for  Holaton  road  aid*  for  which  tha  ratio  waa  38),  Tharafora, 
organic  carbon  ahould  exert  a  greater  affaot  on  adsorption  of  TNT  than 
tha  minaral  component  of  thaaa  aoila.  Thia  waa  not  the  case.  Higher 
correlation  with  CEC  than  with  percent  OC  may  be  due  to  tha  alight 
polarity  of  TNT  (dipole  moment  —  1.37  Debye,  Merck  1976).  It  ie  also 
poaalble  that  decompoaition  (apeclatlon  changes  or  complex  formation)  to 
more  polar  products,  e.g.,  4ADNT,  occurred  during  the  teat.  Bowman  and 
Sana  (1977)  found  that  aoma  pesticides  adsorbed  moat  readily  to 
montmorillonlte  when  the  saturating  cation  waa  Fe+3  They  attribute 
their  results  to  protonation  of  tha  -NH2  groups  by  the  acidic  clay 
surfaces.  Protonation  of  -NH2  groups  by  the  acidic  clay  surfaces  may 
explain  the  high  corrolation  of  TNT  adsorption  with  Fe  content  in  the 
AAP  aoila  when  degradation  has  produoed  -NH2  moieties . 


sequential  Desorption 


Sequential  desorption  data  for  all  of  the  tested  soils  are 
presented  In  Table  14.  Desorption  data  were  also  fit  to  the  linear 
model,  and  to  linearised  Iangmuir  and  Freundlich  Models  (equations  6,  4, 
and  5,  respectively). 

q  -  KdC  +  qr  (6) 

where  qr  Is  the  Irreversibly  adsorbed  oonoentration  in  the  soil.  Modal 
parameters  for  results  of  sequential  desorption  of  TNT  from  seven  of  the 
AAP  soils  and  from  the  olay  are  presented  in  Table  15.  Comparison  of 
R-square  values  between  models  for  the  same  soil  indicated  that 
desorption  of  TNT  followed  the  linear  model  moat  closely  for  all  soils 
except  Iowa.  Iowa  exhibited  a  slightly  higher  R> square  value  with  the 
Freundlloh  Model  than  with  the  linear  model.  For  the  olay,  Joliet,  and 
Kansas  soils,  there  was  little  difference  between  R- square  values  of  the 
Linear  and  the  Freundlioh  Models.  Even  though  the  linear  model  was  the 
best  fit,  none  of  the  three  models  fit  the  data  very  wall  for  the 
Radford,  Newport,  or  Crane  soils  (R-square  values  were  0.5866,  0.6342, 
and  0.7384,  respectively) .  Extrapolation  of  the  linear  model  to  the 
Y-axis  intercept  indicated  the  amount  of  adsorbed  TNT  remaining  in  the 
soil  after  the  three  sequential  desorption  cycles  (Table  16).  Even 
after  three  sequential  desorption  cycles,  some  TNT  remained  in  the 
soils.  Linear  desorption  isotherms  of  two  representative  soils  are 
shown  in  Figure  14. 
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Table  14 

Equivalent  Concentrations*  of  TNT  In  Soil  and  Solution  After 
Each  of  Three  Sequential  Daaon»tlon_Cvclaa»* 


First  Cycle 

Second  Cycle 

_ Third  Cycle 

Soil 

C+ 

a++ 

G 

a 

C 

a 

Clay 

2.64 

49.0 

0.830 

32.4 

0.306 

26.20 

Crane 

1.43 

12.1 

0.267 

6.4 

0.091 

4.39 

Iowa 

1.83 

19.3 

0.433 

10.6 

0.164 

7.33 

Joliet 

2,01 

28.6 

0.329 

18.0 

0.190 

14.20 

Kansas 

2.02 

19.6 

0.465 

10.3 

0.158 

7.08 

Newport 

0.92 

3.3 

0.146 

2.6 

0.042 

1.73 

Radford 

1.22 

10.3 

0.224 

6.0 

0.067 

4.63 

Savanna 

0.97 

6.6 

0.183 

2.9 

0.039 

2.14 

*  Equivalent  concentration*  determined  by  consulting  standard  curves 
to  relate  CPM/ml  to  ug/ml  of  soil  extract  and  calculating  ug/g  of 
oven-dry  soil,  This  procedure  assumes  that  all  detected  was  from 
the  respective  ^C-labeled  treatment  compounds,  i.e,,  no 
decomposition  to  other  compounds  had  occurred. 

**  Sequential  desorption  was  conducted  after  two  hour  equilibration 
with  a  solution  containing  a  total  of  320  ug  TNT. 

+  Solution  concentration  (ug  TNT/ml)  at  steady  state, 

++  Soil  concentration  (ug  TNT/g  ODW)  at  steady  state. 

Hysts  mail 

Slope  (Krf)  and  standard  error  from  linear  regression  analysis  of 
adsorption  and  desorption  data  for  each  soil  are  presented  in  Table  17 , 
Statistical  comparison  of  slopes  for  adsorption  and  desorption  isotherms 
within  eaoh  soil  type  (difference  between  two  independent  regressions, 
Steel  and  Torrie  1980)  showed  no  significant  differences  at  the  0,03 
level  of  probability.  This  result  is  an  indication  of  absence  of 
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Table  16 


TOT  Adsorbed  and  Deaorbed  bv  AAP  Solle 


TNT 

TNT  Remaining  in  Soil 
After  Three  Sequential 
_ Desorption  Cvolaa 

Soil 

ug/g 

1  of  Total 
-IHX  Added 

-Ug/g 

1  of  Total 
Adaorbed 

Crane 

41.08 

12.84 

4.30 

10.95 

Iowa 

53.89 

17.46 

6,83 

12.26 

Joliet 

68.81 

21.50 

13.26 

19.27 

Kansas 

60.06 

18.77 

6.61 

11.01 

Newport 

23.95 

7.48 

1.78 

7.43 

Radford 

34.79 

10.87 

4.62 

13.28 

Savanna 

23.93 

8.10 

2.02 

7.79 

Clay 

101.73 

31.79 

23.78 

23.38 

*  Total  TOT  added  waa  320  ug/g  aoll  (ODW) . 

Environmental  Conaequenoea  of 
AdiQ»ttBn/pMornt;ion,PMHK.tUi 


The  oondltlona  under  whloh  thla  atudy  waa  performed  were  moat 
oloaely  analogoua  to  ahort-term  expoaure  of  aurfaoe  aoila  to  aqueoua  TNT 
oontaulnatlon  In  the  environment.  Sorption  propertlea  of  TNT 
photodeoompoaltlon  products  or  microbial  degradation  produeta  were  not 
taken  Into  account.  It  la  likely  that  aoll  sorption, properties  of  these 
compounds  differ  from  those  of  TNT,  In  tl.  abaence  of  degradation 
products,  TNT  waa  only  slightly  reslatant  to  desorption.  Almost  20 
percent  of  adsorbed  TNT  waa  retained  after  three  aequimtial  desorption 
oyolas  of  Joliet  AAP  soil,  the  AAP  soil  moat  recalcitrant  to 
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JOLIET 


NEWPORT 


80LUTI0N  CONCENTRATION  (uq  TNT/ml) 

Figure  14,  Linear  saquantlal  daaorptlon  iaotharma  for  Joliet 

and  Newport  AAP  aolla 


Table  17 
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82 
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hysteresis,  i.e,,  adsorption  and  desorption  occurred  to  the  same  extent. 
The  mean  percentage  adsorbed  was  13,9  percent,  The  mean  percentage 
deaorbad  after  three  sequential  desorption  cycles  was  88,3  percent, 
deaorption.  The  average  percentage  retained  by  the  AAP  soils  was  12. 
Lack  of  hyatareaia  auggests  that  continued  desorption,  or  leaching,  may 
remove  more,  and  perhaps  all,  of  the  TNT  from  the  AAP  soils  unless  more 
strongly  adsorbed  degradation  products  era  formed.  In  the  event  of  TNT 
contamination  of  soils  higher  in  CSC  or  in  OC  than  the  AAP  soils  tested 
in  this  study,  greater  retention  of  TNT  by  the  soils  can  be  expected. 

Effects  of  pH  and  Redox  Potential  on  Adsorption 
and  Daaorntlon  of  TNT 


tistsh-Adaor.ptlon 

Batch  adsorption  data  for  Joliet  AAP  soil  Incubated  under  six 
combinations  of  pH  and  Eh  are  given  in  Table  18.  These  data  were  fit  to 
the  linear,  Freundlich,  and  Langmuir  Models,  Estimated  regression 
parameters  are  shown  in  Table  19.  Examination  of  R-square  values  for 
each  model  Indicated  that  the  Freundlich  Model  provided  the  best  fit  for 
each  combination  of  conditions  except  for  pH  5.0/F.h  +450  for  which  the 
Langmuir  Model  exhibited  a  slightly  higher  R-square  value.  In  fact, 
there  was  little  difference  between  R-square  values  of  the  Freundlloh 
and  Langmuir  Models  for  all  combinations  of  pH  and  Eh.  Therefore,  these 
results  are  not  inconsistent  with  results  of  the  batch  adsorption  study 
of  other  AAP  soils.  Table  20  shows  results  of  a  statistical  comparison 


Table  IS 

Egyjyalent  Concentrations*  of  THT  in  Joliet  AAP  Soil  Incubated  ffirfa  Selected 
of  pa  and  Seder  Potential  After  AHcm-ptloo  of  Five  Concentrations  of  1 
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of  Kg  valuea  between  tha  combinations  of  tast  conditions  (comparison  01 
two  lndspandant  ragrassions ,  Staal  and  Torrla  .1980) ,  Raaults  indloatad 
no  significant  diffarancas.  Tharafora,  pH  and  radox  potential  axartad 
no  affect  on  adsorption  of  TNT  by  tha  taatad  toll.  Adsorption 
isotherms  ara  shown  in  Figures  15  and  16, 

fltauinfcUl  Dtaflspfclan 

Sequantial  desorption  data  for  Joliet  AAP  soil  incubated  under  aix 
combinations  of  pH  and  Sh  ara  given  in  Table  21.  Standard  errors  of  tha 
Kd  values  for  each  combination  of  tast  conditions  are  given  in  Table  20. 
Statistical  comparisons  of  desorption  slopes  (comparison  of  two 
independent  ragrassions,  Steel  and  Torrla  1980)  Indloatad  no  significant 
differences.  Therefore,  pH  and  Rh  exerted  no  significant  effaot  on 
desorption  of  TNT  by  tha  tasted  soil,  However,  standard  errors  for  this 
data  ware  great  which  is  not  surprising  whan  the  length  of  time  during 
which  tha  soil  was  in  contact  with  tha  solution  is  considered.  For 
generation  of  adsorption  data,  tests  vara  conducted  for  2  hr.  For 
generation  of  sequential  desorption  data,  an  additional  6  hr  wus 
required.  Within  chat  additional  time,  degradation  of  TNT  resulting  in 
variable  desorption  of  ^C- labeled  compounds  could  have  occurred, 
Examination  of  the  results  revealed  a  general  trend  that  suggested 
greater  retention  of  TNT  by  the  reduced  soil  at  all  three  pH  values. 

Examination  of  the  data  indloatad  that  variances  for  one  specific 
flask  were  consistently  greater  than  that  for  other  replicates.  The 
adsorption  oount  data  for  solution  phase  in  this  flask  were  consistently 
lover  than  for  the  other  two  replicates.  However,  the  desorption  oount 
data  for  the  solution  phase  in  this  flask  were  consistently  higher  than 


pH  5  pH6.5  _ PH8 
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Figure  16,  Adsorption  isotherms  for  Joliet  AAF  soil  incubated  under 
reduced  conditions  and  pB  5.0,  6.5,  and  8.0 
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for  the  other  two  replicates.  Since  each  adsorption  data  point  was 
pipetted  independently  from  the  others,  the  difference  could  not  be 
attributed  to  pipetting  error.  These  observations  suggested  that 
something  in  the  soil  of  that  particular  sample  adsorbed  abnormally 
strongly,  but  very  readily  (although  incompletely)  desorbed.  Therefore, 
assuming  that  the  population  is  normally  distributed,  Dixon's  test  for 
outliers  was  applied  (Sokal  and  Rohlf  1981).  The  test  indicated  that 
the  values  could  not  bo  considered  outliers.  Variances  for  all  of  the 
data  was  too  great.  Therefore,  that  data  point  was  not  removed  from  the 
data  set. 

Curve  fitting  for  this  data  sat  (except  for  the  linear  model)  was 
not  attempted  because  of  the  high  variance  coupled  with  the  fact  that 
only  three  points  were  generated  by  the  sequential  desorption  cycles. 
Linear  regression  analysis  was  conducted  and  R- square  values  for  each 
combination  of  Eh  and  pH  (Table  22)  illustrate  that  desorption  for  all 
conditions  was  fairly  linear. 

Table  23  summarizes  amounts  of  TNT  adsorbed  and  desorbed  for  each 
set  of  test  conditions.  The  data  showed  that  only  about  25  percent  of 
the  added  TNT  was  adsorbed.  About  half  of  the  adsorbed  TNT  was  removed 
from  oxidized  tests,  but  very  little  (less  than  10  percent)  was  removed 
from  the  reduced  tests. 
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Table  22 

R-Souara  Valuaa  for  Linear  Regression  Analysis  of 
Soil  at  Bach  Eh  and  pH 


•150 

3.0 

0.979 

+430 

3.0 

0.990 

•  150 

6.3 

0.948 

+450 

6,5 

0.987 

•  150 

8.0 

0.989 

+430 

8.0 

0.989 

Table  23 

Anfluu£R..,a£  IMl  AdiflrbiU-intf  Btflftrfaid..  by  .JaUgtJtAf,  .Soil  Inaubatad  Under 

Selected  Conditions  of  Eh  and  pH 


TNT  Remaining  in  Soil 
After  Three  Sequential 

mi  Aflmbid* _  _ Bttiftmlon  fimlia— . 


Eh-., 

— PH... 

Ug/g 

%  of  Total 

..mi.  Afldad 

.-Ug/&~ 

1  of  Total 
■Ad&axhad... 

■150 

5.0 

63.3* ** 

26.4 

49.8 

78.6 

+450 

5.0 

50.0 

20.8 

20.1 

40.2 

-150 

6.5 

91.8 

38.2 

113.2 

123.4 

+450 

6.5 

53.3 

22.2 

28.6 

53.6 

•150 

8.0 

63.9 

26.6 

84.1 

131.5 

+450 

8.0 

50.2 

20.9 

23.9 

47.7 

*  Data  given  on  adsorption  is  from  the  12.0  ug/ml  treatments  only 
sinoe  the  samples  receiving  that  treatment  level  were  also  desorbed. 

**  Values  are  mean  of  three  replicates. 
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Degradation  of  _TNT  Under, Oxidized 
end  Reduced  Condition! 

Preliminary  Test  for  the 

Effectiveness  of  HeCl?  aa  a  Soil  Starllant 

No  growth  of  microorganism*  occurred  on  plates  that  received  HgCl2> 
treated  sediment  at  any  of  the  sampling  times,  while  plates  that 
received  untreated  sediments  were  completely  overgrown.  Therefore, 

HgCl2  at  the  concentration  used  was  an  effective  soLl  sterilant. 
Degradation  of  TNI 

GLC  analysis  of  degradation  samples  are  shown  in  Table  24.  Lack  of 
homogeneity  In  variances  after  several  transformations  of  the  data 
dictated  application  of  nonparametrle  analysis.  Results  indicated  very 
few  statistically  significant  differences  among  the  treatments. 

However,  several  trends  in  the  data  were  observed.  For  example,  limited 
abiotic  reduction  of  TNT  was  evident.  In  both  oxidised  and  reduced 
solution  phase,  small  quantities  of  4ADNT,  2ADNT,  and  2.6D4NT  were 
detected.  In  the  soil  phase,  only  4ADNT  and  2ADNT  were  found;  however, 
quantities  were  much  higher  In  the  soil,  especially  in  the  reduced  soil, 
than  In  solution.  Biotic  reduction  of  TNT  exceeded  abiotic  reduction 
even  when  abiotic  reduction  was  factored  out  of  soil  data.  (Little 
difference  between  biotic  and  abiotic  reduction  was  evident  in  the 
solution  data.)  Microbial  degradation  was  greater  under  reduced  than 
under  oxidized  conditions  and  was  more  evident  In  the  soil  than  in  the 
solution  phase. 
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Degradation  of  TOT  DpHor  ftridtzed  and  BnAiced  Conditions 
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Table  24  (Continued) 


Plant  iimka  of  TNT,  AABHL-jmLiABHI 


Chemical  and  Physical 

Charasttrlatioi  g£.  laifcJtolli 

Raaults  of  chamloal  and  phyaical  characterisation  teats  for  the 
silt  and  clay  are  presented  in  Table  25. 


Table  25 

Chemical  and_  PhY-ilcal  ..Characteris  tics-  of  Teat  Soils 


Clay 

-SUt, 

pH 

5.71 

4.54 

Particle  Size 

Percent  Sand 

8.70 

9.37 

Percent  Silt 

36.9 

73.1 

Percent  Clay 

54.4 

17.5 

Electrical 

conductivity  (dS/m) 

2.45 

0.72 

Percent  organic  carbon 

2.40 

0.57 

Cation  exchange  capacity 

(meq/100  g) 

135. 

17.2 

Extractable  metals  (ug/g) 

Iron 

1,252 

252 

Aluminum 

160 

196 

Manganese 

59.6 

152 

Calcium 

0.954 

1.10 

Soil  Hgmo&flnftltx.XMt 

Results  of  the  teat  for  soil  homogeneity  are  shown  in  Table  26. 
Sampling  was  not  replicated;  therefore,  the  data  could  not  be  subjected 
to  statistical  analysis,  However,  examination  of  the  data  showed  an 
Average  variation  among  the  means  of  all  treatments  and  soil  types  of 
almost  20  ug  of  TNT  and  4ADNT  per  gram  of  soil.  A  higher  degree  of 
homogeneity  was  observed  in  the  silt  than  in  the  clay  for  both 
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Table  26 

Paraant  Recoveries  of  ^CLand  Equivalent  Concentrations*  of  TNT  and 

4A0MX  in  SUt.tnd  Clay,  gram  the.  Soil  HomagancUy,  Tagt 


_ ISLlmttA _  _ 4ADNT -Treated _ 

_ ills. _  _ £1 MS. _  _ Ails _  _ Clay . 

Blender 

fa  lit  ion  _ug/g  — I .ug/g  %  ,ug/g  __i_  ug/g 


Loft 

46.58+ 

37.86 

88.60 

71.37 

29.59 

22.85 

41.32 

32.12 

Middle 

46.83 

38.07 

86.12 

69.39 

29.84 

23.04 

41.29 

32.10 

Right 

48.45 

39.36 

79.76 

64.32 

31.06 

24.00 

38.21 

29.70 

*  Equivalent  concentrations  determined  by  consulting  standard  curves 
to  relate  CPM/ml  to  ug/ml  of  soil  extract  and  calculating  ug/g  of 
oven-dry  soil.  This  procedure  assumes  that  all  detected  was 
from  the  respective  ^C-labeled  treatment  compounds,  i.e.,  no 
decomposition  to  other  compounds  had  occurred. 

**  Percent  of  original  treatment  recovered  by  extraction  of  soils, 
+  Means  from  extractions  of  three  aubsamples  from  each  blender 
position. 


treatments.  Percent  recoveries  across  treatments  were  highly  variable. 
Therefore,  the  treatment  could  not  be  considered  homogeneous.  With  the 
exception  of  the  TNT-treated  clay,  recoveries  of  treatment  compounds 
from  the  soils  ware  leas  than  half  of  what  was  added,  These  unexpected 
reaulte  provided  the  first  indication  that  aignificant  amounts  of 
treatment  compounds  could  not  be  accounted  for  In  soil  extracts. 
Possible  mechanisms  responsible  for  this  result  are  explored  in 
subsequent  sections  of  this  report. 

Preliminary  soil  extraction  tast.  Results  of  the  preliminary  soil 
extraction  test  showed  that  acetone  and  methanol  were  more  efficient 
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extractants  of  from  both  soils  (silt  and  clay)  than  either 
mathylana  chloride  or  benzene  (Table  27).  These  results  ere  not 
surprising  because  TNT  is  slightly  polar  end  should  be  more  soluble  in 
the  more  polar  solvents.  According  to  Urbanski  (1964),  the  solubility 
of  TNT  in  acetone  is  132  g/100  g  of  solvent  and  in  benzene  is  88  g/lOOg 
of  solvent,  (Solubilities  of  TNT  in  methylene  chloride  and  methanol 
were  not  found  in  the  literature.)  On  the  basis  of  these  extraction 
results,  acetone  was  selected  as  the  extractant  for  soils. 


Table  27 

Percent -AacoverHa. . of  .14C  and...Eflulvalflnt  Concentrations*  of  TNT 
Extracted,  from  f^ClTNT-Treatad  Silt  and  Clav 

with  Pour  Solvents** 


Concentration  of  TNT 


.■Clay. 


Solvtnt _ 

-(Alt 

(.US/&1 

-UlL. 

-lug/xl 

Acetone 

57,35 

46.45  a++ 

99.92 

80.40  a 

Methanol 

55.35 

44.86  a 

83.55 

67.34  a 

Methylene 

chloride 

49.65 

40.36  b 

42.26 

34.43  b 

Benzene 

45.54 

37.04  c 

29.16 

23.98  b 

*  Equivalent  concentrations  determined  by  consulting  standard  curve  to 
relate  CPM/ml  to  ug/ml  of  soil  extract  and  calculating  ug/g  of 
oven-dry  soil.  This  procedure  assumes  that  all  detected  was  from 
the  respective  ^C-labeled  treatment  compounds,  i.e.,  no 
decomposition  to  other  compounds  had  occurred, 

**  Values  shown  are  differences  between  means  of  three  extractions  of 
TNT- treated  and  untreated  soil. 

+  Percent  of  original  treatment  recovered  by  extraction  of  soils. 
++  Means  followed  by  the  same  letter  which  was  within  soil  types  are 
not  significantly  different  at  the  P  <  0.03  level. 
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Siphoned  watar.  Results  of  analysis  of  excess  water  siphoned 
from  outer  pots  after  watering  plants  are  shown  in  Table  28.  Percents 
of  total  counts  added  for  all  five  replicates  of  the  same  treatment  and 
soil  type  are  given.  Although  these  data  represent  detection  of  WC, 
percent  recoveries  of  total  added  to  the  soils  initially  were  small. 
For  all  treatments  and  soil  types,  the  average  loss  was  0.0005  ug/g  of 
soil. 

Table  28 

Recovery  of  14C  from  Siphoned, Water 


Treatment _ 

Silt,  TNT 
Clay,  TNT 
Silt,  4ADNT 
Clay,  4ADNT 


Percent  of  Total  Counts  Added 
to  Soils  Initially** 

1.77  x  10'3 

9.46  x  10’A 

7.17  x  lO-5 

6.73  x  10's 


*  Water  siphoned  from  outer  pots  after  watering  plants,  Water  sample 
from  all  five  replicates  of  the  same  treatment  and  soil  type  were 
combined  for  the  entire  45-day  growing  period. 

+*  Values  are  percents  of  total  ^®C  CPM  added  to  each  soil  treatment. 

Extracted  soils.  Results  from  ^C  counts  of  T20  and  T65  silt  and 
clay  extracted  with  acetone  and  counted  by  LS  are  shown  in  Table  29. 

The  data  demonstrate  a  distinct  difference  in  the  behavior  of  the  two 
treatment  compounds  in  the  silt  and  clay.  Carbon  14  was  present  in 
significantly  greater  quantities  in  the  4ADNT-  than  in  the  TNT-treated 
silt  at  T65  and  in  almost  significantly  greater  quantities  at  T20  (P 
-0.06).  However,  this  did  not  occur  in  the  clay.  The  TNT-treated  clay 
retained  significantly  more  than  4ADNT- treated  clay  at  both  T20  and 
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Table  29 

Analysis  of  Extracts  of  TNT-  and  4ADNT- Treated  Silt  and 
Clav  Sampled._2Q_and  65  Pav  After  Soil  Treatment 


Silt 

Clav 

T20* 

T65** 

T20 

T65 

Treatment 

ug/a 

ue/e 

ue/b 

ue/e 

4ADNT 

12.68  Ba+ 

17.66  Aa 

7.88  Cb 

5.47  Cb 

TNT 

9.58  Aa 

4.68  Bb 

11.26  Aa 

10.46  Aa 

Control 

0.75  Ab 

0.73  Ac 

0.83  Ac 

0.76  Ac 

*  T20  - 

20  days  after  sell  treatment,  the 

time  at  which 

tubers  were 

planted. 

**  T65  -  65  days  after  soli  treatment,  the  time  at  which  plants  were 
harvested. 

+  The  equivalent  concentrations  of  treatment  compounds  given  are  means 
of  four  replicates  extracted  three  times  with  acetone.  Values 
followed  by  the  same  uppercase  letter  across  soil  types  are  not 
significantly  different  at  the  P  <  0.05  level.  Values  followed  by 
the  same  lowercase  letter  down  are  not  significantly  different  at 
the  P  <  0.05  level. 


T65.  This  result  suggests  strong  adsorption  of  TNT  by  the  clay.  This 
possibility  is  explored  further  when  results  of  carbon  train  analysis  of 
soils  are  discussed. 

No  significant  differences  were  noted  between  levels  of  in  clay 
from  T20  to  T65  for  either  treatment  compound.  However,  levels 
changed  from  T20  to  T65  in  the  silt  for  both  treatment  compounds.  The 
level  decreased  from  T20  to  T65  in  the  TNT-trec.ted  silt.  It  is 
possible  that  TNT  or  its  ^C-labeled  degradation  products  became  less 
extractable  through  time.  There  is  some  evidence  in  the  literature  in 
support  of  this  possibility  (Cragin  at  al.  1985).  Volatilisation  of 
photo  or  microbial  degradation  products  is  also  possible.  The  level 
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showed  a  slight,  significant  increase  from  T20  to  T65  in  the 
4ADNT*treated  silt.  This  increase  may  be  explained  by  an  increase  in 
extractabllity  of  the  ^C- labeled  compound  through  time.  This 
possibility  is  supported  by  the  presence  of  the  label  on  the  methyl 
group  in  4ADNT .  If  the  methyl  group  were  removed  from  the  molecule  by 
some  mechanism,  may  have  become  more  easily  extracted,  Carbon-14 
was  detected  In  significantly  greater  quantities  in  treated  soils  than 
in  controls,  but  detectable  levels  of  were  present  in  some  controls. 

Carbon  train.  An  efficiency  curve  for  the  carbon  train  with  which 
the  silt  was  used  is  shown  in  Figure  17.  Linear  regression  analysis  of 
the  curve  data  showed  a  slope  of  1.63  which  was  significantly  different 
from  1  (100  percent  recovery)  at  the  95-percent  confidence  level. 

Percent  recoveries  of  added  TNT  for  silt  are  shown  in  Table  30. 

The  mean  percent  recovery  of  ^C  from  the  silt  across  test 
concentrations  was  71.30  percent,  with  a  standard  deviation  of  8.78 
percent.  However,  percent  recoveries  increased  as  the  concentration  of 
[l^CJTNT  decreased.  Most  of  the  sample  values  fell  into  the  range  of 
the  lower  concentrations  and,  consequently,  of  greater  percent  recovery. 
Mean  mass  balance  for  the  silt  spiked  for  preparation  of  the  efficiency 
curve  was  89.78  percent  with  a  standard  deviation  of  2.25  percent. 

An  efficiency  curve  for  the  carbon  train  with  which  clay  was  used 
is  shown  in  Figure  18.  Linear  regression  analysis  of  the  curve  data 
showed  a  slope  of  1.04,  which  was  not  significantly  different  from  1. 
Percent  recoveries  of  added  TNT  for  clay  are  shown  in  Table  31.  The 
mean  percent  recovery  of  from  clay  across  test  concentrations  was 
81.99  percent  with  a  standard  deviation  of  13.03  percent.  Mean  mass 
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-  Figure  18.  Carbon  train  efficiency  curve  for  cloy  soil 


Table  31 

Rectreerr  of  14C  fro»  Clar  Cpnt-airHr>r  Adsorbed  f14ClT»T 
for  Perefinlnr  Carbon  Train  Efficiency 
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balance  for  the  clay  aplked  for  preparation  of  the  efficiency  curve  was 
86.09  pareent  with  a  standard  deviation  of  10.85  percent. 

Carbon  train  results  (Table  32)  showed  no  significant  differences 
between  levels  of  £n  the  4ADNT*  and  TNT* treated  silt  at  T20  or  at 
T65 .  However,  the  clay  exhibited  significantly  mere  14C  in  the 
TNT- treatment  than  in  the  4ADNT- treatment  at  both  times.  Levels  of 
in  the  TNT- treated  clay  were  also  higher  than  in  TNT- treated  silt. 

There  were  no  significant  differences  between  levels  of  in  the  4ADNT 
treatments  at  T20  and  at  T65  in  either  soil;  **C  levels  in  TNT 
treatments  showed  a  slight,  though  significant,  decrease  from  T20  to  T65 
in  the  clay,  but  no  difference  in  the  silt. 


Table  32 

Carbon  Train.. .^C-Anilyiii,. of  THX- . ind.MWX-Xriatwd  Silt 

amLClax.  Samp  Ltd  2fl„  and  65  Dayi.dftir  Soil  Iraatmant 


Silt 

CLAY 

T20* 

T65** 

T20 

T65 

Treatment 

ua/a 

ua/f 

Uf/f 

ua/a 

4ADNT 

25.12  Aa+ 

24.74  Aa 

26.61  Ab 

21.74  Ab 

TNT 

30.72  Ca 

30.62  Ca 

55.62  Aa 

41.52  Ba 

Control 

0.76  Ab 

0.74  Ab 

0.81  Ac 

0.78  Ac 

*  T20  -  20  days  after  soil  treatment,  the  time  at  which  tubers  were 
planted. 

**  T63  -  65  days  after  soil  treatment,  the  time  at  which  plants  were 
harvested. 

+  Valuos  shown  are  means  of  four  replicates  extracted  three  times  with 
acetone.  Values  followed  by  the  same  uppercase  letter  across  soil 
types  are  not  significantly  different  at  the  P  <  0.05  level. 

Values  followed  by  the  same  lowercase  letter  down  are  not 
significantly  different  at  the  P  <  0.05  level. 
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In  Table  33,  percent  recoveries  of  l^C  by  extraction  and  by  carbon 
train  analysis  are  compared,  Percent  recoveries  by  carbon  train 
analysis  were  significantly  greater  (P  <  0.03;  T-tast)  than  recoveries 
by  extraction  analysis  in  all  soils  sxcept  controls  and  the  silt  4ADNT 
treatment  at  T6S,  which  exhibited  no  difference.  On  the  average, 
recoveries  by  oarbon  train  exceeded  those  by  extraction  by  a  factor  of 
four.  If  carbon  train  recoveries  ware  corrected  to  the  efficiencies  of 


Table  33 

Comparison, of  Percent  1AC  Recovered  bv  Extraction  and 
bv  Carbon  Train 


T20* 

T65** . . 

Extraction 

Carbon  Train 

Extract lor 

i  Carbon  Train 

Treatment 

_ 1 _ 

_ » _ 

_ 1 _ 

t 

Clay 

TNT 

13.21  B+ 

68.83  A 

12.20  B 

51.16  A 

4ADNT 

10.03  B 

34.34  A 

6.98  B 

28.19  A 

Control 

0.13  A 

0.09  A 

0.04  A 

0.06  A 

Silt 

TNT 

11.11  B 

37.62  A 

4.96  B 

37.48  A 

4DNT 

16.09  B 

32.47  A 

22.38  A 

32.05  A 

Control 

0.02  A 

0.04  A 

0.00  A 

0.01  A 

*  T20  “  20  days  after  soil  treatment,  the  time  at  which  tubers  were 
planted. 

**  T65  -  63  days  after  soil  treatment,  the  time  at  which  plants  wars 
harvested. 

4-  Values  shown  are  means  of  four  replicates  extracted  three  times  with 
acetone,  Values  followed  by  the  same  uppercase  letter  across  and 
within  sampling  times  are  not  significantly  different  at  the 
P  <  0.03  level. 
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the  two  carbon  tralna  (71,30  percent  for  the  train  with  which  ailt  was 
analyzed  and  81 . 99  percent  for  Che  train  with  which  clay  waa  analysed) , 
thia  difference  would  increase.  The  carbon  train  results  indicate  that 
the  extraction  techniques  employed  did  not  remove  all  of  the  ^C- labeled 
oompounds  that  were  actually  present  in  the  soils. 

Significantly  more  4ADNT  was  found  in  the  silt  than  in  the  clay  by 
extraction,  but  the  carbon  train  shoved  no  significant  difference 
between  amounts  of  4ADNT  in  the  silt  and  the  clay.  Comparison  of  the 
extraction  data  with  the  carbon  train  data  suggests  that  4ADNT  was  more 
easily  extracted  from  the  silt  than  from  the  olay.  Both  methods  of 
analysis  showed  more  TNT  in  the  clay  than  in  the  silt.  These  results 
support  adsorption  of  both  /♦.■'CNT  and  TNT  to  the  clay.  In  the  silt  there 
was  no  significant  difference  between  amounts  of  4ADNT  and  TNT  (except 
for  significantly  more  4ADNT  than  TNT  at  T63  by  extraction)  by  either 
method  at  either  time.  However,  in  the  clay  there  was  significantly 
more  TNT  than  4ADNT  by  both  methods  and  at  both  times.  These  results 
suggest  that  the  olay  has  a  greater  retentive  affinity  for  TNT  than  for 
4A0NT.  This  is  consistent  with  results  of  soil  sorption  studies  which 
showed  highest  correlation  between  adsorption  and  iron,  CEC,  percent 
clay  and  percent  0C.  The  olay  was  markedly  higher  in  each  of  these 
properties  than  the  ailt. 

Although  adsorption  may  account  for  low-percent  recoveries  by 
extraction,  even  carbon  train  analysis  recovered  «n  average  of  only 
about  one  half  of  the  treatment  levels  of  (Extraction  analysis  at 

T65  accounted  for  roughly  12  percent  of  the  treatment  level  of  while 
carbon  train  analysis  accounted  for  roughly  40  peroent.)  The  remainder 
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of  Che  original  treatment  level  of  must  be  assumed  lost  from  the 
•oil  by  aorne  other  mechanism. 

QLC  Analysis  of  Soils 

Tables  34  and  33  show  results  of  QLC  analysis  for  T20  and  T63 
•oils,  respectively,  QLC  analysis  was  conducted  to  detect  any  of  the 
following  compounds:  TNT,  4ADNT,  2ADNT,  2.6D4NT,  2.4D6NT, 

4-amlno- 2 -nitrotoluene,  2,4DNT,  2.6DNT,  and  TNB.  Except  for  TNT  and 
TNB,  the  above  compounds  were  selected  because  a  review  of  the 
literature  showed  that  they  were  the  most  frequently  reported 
biodegradation  products  of  TNT.  Biodegradation  was  considered  to  bo  the 
moat  probable  degradation  mechanism  occurring  in  the  soil.  Some  of  the 
compounds  (2ADNT,  4ADNT ,  and  2.4D6NT)  had  also  been  prepared  by  ohemlcal 
reduction  of  TNT  in  tho  laboratory  (Sitamann  1974).  The  successful 
reduction  of  TNT  to  these  compounds  in  the  laboratory  raises  the 
possibility  of  spontaneous  chemical  reduction  as  a  mechanism  of 
degradation  in  the  soils,  in  the  plants,  or  during  analytical 
processing.  TNB  was  Included  because  it  is  a  commonly  detected 
photodecompoaition  product  of  TNT  chat  could  possibly  form  during 
treatment,  on  soil  surfaces  after  potting,  in  the  plants,  or  during 
•ample  preparation. 

Results  Indicate  that  recoveries  of  treatment  compounds  and  all 
potential  degradation  products  were  much  lower  then  with  either 
method  of  analysis,  In  TNT- treated  silt  and  clay  at  both  T20  and  T65, 
4ADNT  and  2ADNT  were  present  in  significantly  greater  quantities  than 
TNT.  This  result  Indicates  degradation  of  TNT  to  4ADNT  and  2ADNT  within 
20  days  of  soil  treatment.  In  the  clay,  TNT  concentration  was 
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Table  35 

GIC,  Ana  Its  is  of  T65  Soils  Cug/e  Oven-Dry  Soil) 
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significantly  higher  than  concentrations  of  compounds  other  than  4ADNT 
and  2ADNT.  In  the  silt,  TNT  concentration  waa  no  different  from 
concentrations  of  compounds  other  than  4ADNT  and  2ADNT.  These  results 
suggest  that  TNT  is  much  less  stable  or  less  extractable  in  the  soil 
than  the  two  degradation  products.  In  both  TNT- treated  soils,  4ADNT 
concentrations  exceeded  2ADNT  concentration  at  T20  and  at  T6S,  an 
indication  that  4ADNT  production  is  more  favorable  than  2ADNT 
production,  or  that  4ADNT  is  more  persistent  in  the  soil  than  2ADNT. 

In  4ADNT-  and  2ADNT- treated  soils  at  T20,  the  treatment  compound 
persisted  in  significantly  greater  concentrations  than  any  other 
compounds  with  the  exception  that  no  compounds  predominated  in  the 
2ADNT-treated  silt.  In  the  T6S  soils,  treatment  compounds  predominated 
over  nonamending  compounds  in  all  treatments  with  two  exceptions,  The 
first  exception  was  the  failure  of  TNT  to  dominate  the  TNT- treated  silt 
and  clay  at  either  sampling  time.  The  second  exception  was  the 
4ADNT- treated  silt  for  which  there  waa  no  significant  difference  between 
the  4ADNT  level  and  the  level  of  2,4-diamino-6-nitrotoluene  (2.4D6NT). 
These  results  offer  strong  evidence  that  4ADNT  and  2ADNT  are  the  most 
persistent  degradation  products  of  TNT  in  soils  and  that  2.4D6NT  is  a 
degradation  product  of  4ADNT, 

Across  soil  treatments  at  T20,  TNT  occurred  in  significantly 
highest  levels  in  the  TNT-  and  2ADNT- treated  silt  and  in  second  highest 
levels  in  the  TNT-  and  2ADNT- treated  clay.  This  result  suggests  some 
equilibrium  between  TNT  and  2ADNT  in  the  soil  unless  cross-contamination 
of  2ADNT- treated  soils  with  TNT  occurred.  The  latter  cannot  be  ruled 
out  because  TNT  and  other  compounds  were  also  detected  in  controls.  If 
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volatilisation,  or  coavaporation  with  toil  moisture  followed  by 
cooondansation  on  the  soil  surface  occurred,  such  low* level 
cross-contamination  could  result.  Low* level  contamination  of  controls 
was  also  observed  with  both  methods  of  analysis.  4ADNT  occurred  in 
significantly  highest  levels  In  4ADNT- treated  clay  and  silt  at  T20. 

This  result  substantiates  its  stability  in  soils  relative  to  other 
degradation  products  of  TNT,  2ADNT  was  significantly  highest  In  the 
2ADNT- treated  clay,  but  was  not  significantly  different  from  other 
treatment  compounds  in  the  2ADNT* treated  silt  at  T20.  This  result 
suggests  greater  adsorption  of  2ADNT  to  clay  than  to  silt  with 
consequent  stability  in  the  clay. 

Across  soil  treatments  at  T63,  TNT  predominated  in  the  TNT-treated 
silt  and  clay.  4ADNT  persisted  in  significantly  highest  levels  in  the 
4ADNT- treated  silt  and  clay.  However,  there  was  no  significant 
difference  between  the  level  of  4ADNT  in  the  silt  and  in  levels  of  other 
treatment  compounda  in  both  soil  types.  The  4ADNT  level  was 
significantly  greater  than  controls  in  both  soil  types.  2ADNT  porsisted 
in  significantly  highest  levels  in  both  2ADNT*treeted  soils. 

These  results  suggest  that  4ADNT  and  2ADNT  do  not  degrade  to 
significant  quantities  of  any  of  the  other  compounds  for  which  soils 
were  assayed  in  the  study.  Nevertheless,  significant  decreases  in  both 
4ADNT  and  2ADNT  occurred  in  the  soil,  Although  carbon  train  results 
support  adsorption  as  one  mechanism  reducing  the  amount  of  treatment 
compounda  that  are  extractable,  a  significant  quantity  was  lost  by  some 
other  mechanism,  e.g,,  volatilization,  Other  compounds  occurring  in 
concentrations  significantly  greater  than  controls  were 
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2 . 6- diamino-4-nitrotoluene  (2.6D4NT)  in  the  4ADNT-treated  silt, 
2,4-dinitrotoluene  (2,4DNT)  in  the  2ADNT- treated  ellt  and  clay,  and 

2. 6- dinitrotoluene  (2,6DNT)  In  the  4ADNT- treated  allt  and  clay.  These 
results  suggest  that  4ADNT  degrades  to  2,6D4NT  and  2,6DNT  and  that 
2ADNT  degrades  to  2,4DNT  in  the  soil. 

The  two  principal  limitations  of  the  GLC  analytical  method  were  low 
recoveries  of  added  known  quantities  (spikes)  and  instability  of  some 
compounds  on  the  column  or  at  the  injection  port.  Table  36  shows 
recoveries  of  spikes  added  to  selected  soil  samples  immediately  prior  to 
extraction  for  GLC  analysis.  Recoveries  of  these  spikes  from  soils 
sampled  at  T20  and  T65  varied  with  the  compound  being  assayed.  However, 
moat  recoveries  were  less  than  SO  parcent.  Low  recoveries  of  spikes  may 
have  been  due  to  volatilization  of  compounds  or  heat  degradation  of 
compounds  during  the  Kudarna * Danish  concentration  step.  A  change  from 
colorless  to  pink  (an  indication  of  decomposition,  or  degradation)  was 
observed  lr.  solutions  of  TNT  when  they  wore  heated  in  the  laboratory, 
Semples  were  not  assayed  for  dimers  of  TNT,  such  as  the  azo  and  azoxy 
compounds,  because  of  their  ready  degradation  on  the  GLC  column.  TNT 
and  TNB  also  exhibited  some  instability  at  the  injection  port  and  on  the 
column. 

Recoveries  as  a  sum  of  all  products  detected  and  based  on 
percentage  of  original  treatment  levels  are  given  in  Table  37. 

Recoveries  averaged  approximately  40  percent  of  those  obtained  by 
extraction  analysis  and  approximately  12  percent  of  those  obtained  by 
carbon  train  analysis.  Spot  checks  by  s  high-performance  liquid 
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Tab  la  37 


7T7TTTTH  TFFvl  TW-i»«nn  rnB>4^T^iT‘li"Hiyv7irMI:I«M»T-fi-W-T<KF>i>, 


Soil  Type 

Irittaint 

...X2P 

1«— 

Clay 

TOT 

2.69 

2.75 

Clay 

4ADNT 

7.20 

5.92 

Clay 

2ADNT 

9.60 

3.91 

Clay 

Control 

0.62 

0,00 

Slit 

TNT 

4.60 

1.14 

Silt 

4ADNT 

7.45 

3.05 

Slit 

2ADNT 

3.05 

3.32 

Silt 

Control 

0,36 

0.00 

chromatographic  (HPLC)  method  (USATHAMA  1983 > are  compared  to  GLC 
analyala  In  Table  38.  HPLC  analyala  produced  higher  valuee  than  GLC  for 
moot  aamples  that  exhibited  concentratlona  above  detection.  However, 
recoveriee  were  etlll  much  lower  than  with  either  ^C  method  of 
analyala.  Recoveries  of  spikes  by  HPLC  averaged  102  percent,  with  moat 
values  above  100  percent.  Extraction  for  HPLC  analyala  was  by 
acetonitrile  and  methanol  and  did  not  require  application  of  heat,  which 
could  account  for  higher  values  if  heating  were  responsible  for  loss  of 
compounds  during  sample  preparation  for  GLC.  Two  disadvantages  of  the 


4-  These  asaays  were  performed  by  the  Laboratory  Branch  of  the 
Tennessee  Valley  Authority,  Chattanooga,  Tenn. 
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Table  38 

Comparison  of  HPLC  and  QLC  Results  from  Selects d  T20  Soli. 


Soil 

_ TNT _ 

_ 4ADNT _ 

_ 2ADNT _ 

im 

XriAtBtOS 

QLC* 

HPLC** 

JffiUL 

HPLC 

QIC 

HPLC 

Clay 

TNT 

0.13+ 

<1 

0.81 

4.4 

0.50 

2 

Clay 

TNT 

0.10 

<1 

1.7 

12 

1.2 

<1 

Clay 

4ADNT 

0.087 

<1 

5.9 

11 

0.027 

<1 

Clay 

4ADNT 

0.060 

<1 

7.6 

12 

0.028 

<1 

Silt 

TNT 

0.51 

<1 

1.4 

2.4 

0.92 

1 

Silt 

TNT 

0.075 

<1 

0.85 

2.0 

0.59 

1 

Silt 

Control 

0.091 

<1 

0.085 

3.6 

0.025 

2 

*  Dataotlon  limit  for  both  TNT  and  4ADNT  was  0.0001  ug/g. 

**  Dataotlon  limit  for  both  TNT  and  4ADNT  waa  1  ug/g.  HPLC  was  not 
capable  of  separating  4ADNT  from  2ADNT.  Therefore,  values  given  for 
4ADNT  by  HPLC  analysis  may  inolude  2ADNT. 

+  Values  given  are  in  micrograms  per  gram  of  oven -dry  soil. 

HPLC  method  were  that  4ADNT  and  2ADNT  could  not  be  separated  and  that 
detection  limits  were  higher  than  with  the  GLC  method. 

JElanti 

Plant  yields.  The  data  presented  in  Table  39  show  plant  yields 
for  each  treatment  by  soil  type.  There  were  no  significant  differences 
in  yield  between  treatments  within  soil  types.  However,  ANOVA  for  clay 
across  all  treatments  and  means  for  silt  across  all  treatments  showed 
significantly  greater  yields  in  clay  than  in  silt, 

Yields  for  all  control  and  treated  pots  in  this  study  were 
significantly  lower  than  (about  28  percent  of)  those  obtained  with  the 
standard  WES  plant  bioasaey  apparatus,  which  utilises  7.6-1  rather  than 
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Table  39 

Plant  Yields  (arena! 


Treatment 

Silt 

, Soil  Typi _ 

Clav 

7.88* 

Control 

5.99* 

TNT 

6.78a 

9.27a 

4ADNT 

5.63* 

8.53a 

2ADNT 

4.90a 

9.71a 

Maan  of  all  treatment* 
and  oontrola  by  soil 
type 

5.B24B 

8.802A 

*  Maana  of  four  raplioataa  In  grana  of  00U  par  poe. 

**  Maana  followed  by  eha  aama  lowaroaaa  lattar  within  aoil  typaa  are 
not  algnlfioantly  different  at  eha  P  <  0.05  level.  Meana  followed 
by  the  aame  upperoaae  letter  aoroaa  aoil  typea  are  not  eigniflcantly 
different  at  the  P  <  0.05  level. 

3.5-1  pota  (Folsom  et  al,  in  preparation).  The  reduction  in  yields  may 
be  due  to  nitrogen  limitation.  Even  though  nitrogen  was  added  to  the 
smaller  pots  at  the  same  rate  as  in  the  standard  plant  bioassay,  it  is 
possible  that  the  total  quantity  of  nitrogan  available  to  plants  was 
laaa  in  the  smaller  pota.  Nitrogan  loaa  ralatlve  to  the  total  added  may 
have  been  increased  due  to  the  greater  aurface  area  to  volume  ratio  in 
the  smaller  pota.  Differencaa  batwaan  rasults  with  the  two  pot  sizes 
will  be  further  investigated  in  a  latar  study  due  to  its  importance  for 
the  standard  WES  plant  bioaaaay. 

14C  analysis  of  preliminary  plant  axtraction  teat.  Raaulta  of  the 
plant  extraction  taat  ara  given  in  Table  40,  The  table  shows 
efficiencies  with  which  the  internal  14C  standard  was  recovered  from 
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Table  40 

Euulti  ftaa  .Extrusion  .of  Planti-flrQ¥n-lJa  l(I4C)TOI-Ittac»d..an<l 
Untreated  .cUy,  .Using  Four  Salyanti 


Counting 

_ Efficiency.  percent* _ _ _ 

Solvent 

THT-Treated 

Untreated 

Acetone 

19. 4e** 

20. 5bo 

Methanol 

31.6b 

31.3b 

Hexane: acetone 

15.7c 

19.7c 

Benzene 

47.7a 

61.0a 

*  Valuta  given  ata  at ana  of  thraa  raplioacaa,  Counting  afflolanolaa 
war*  datarmlnad  by  tha  Internal  atandard  method  deaorlbed  In  the 
text. 

*#  Meana  followed  by  the  eame  letter  within  columns  are  not 
algnlfloantly  different  at  P  <  0.05  level. 

plant  axtraota.  Counta  for  the  benzene  extraot  were  algnlfloantly 
higher  than  thoae  for  the  other  aolventa  tested.  Since  benzene  produced 
the  greateat  efficiency  in  counting  the  internal  standard,  It  waa 
selected  aa  the  plant  extractant.  The  internal  standard  method  waa  used 
because  quenching  by  chlorophyll  was  very  high  in  theae  samples.  The 
same  solvent  waa  not  selected  for  the  plant  and  toll  extractions.  It  is 
probable  that  acetone,  the  solvent  selected  for  soil  extractions, 
removed  many  of  the  soluble  organic  compounds  from  the  plants,  Theae 
compounds  may  have  contributed  substantially  to  quenching  of  in  the 
plant  extracts.  These  compounds,  e.g.,  especially  the  photosensitive 
chlorophylls,  may  have  contributed  substantially  to  quenching  of 
(reduction  in  scintillation  by  Interference)  in  the  plant  extracts.  It 
should  be  noted  that  no  above  background  levels  were  found  in  the 
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plant  material  taken  from  the  TNT* treated  olay.  Thla  la  oonaiatent  with 
reaulta  of  the  2-g  plant  analyala  dlaouaaed  below.  All  of  the  plant 
material  uaed  In  thla  teat  waa  taken  from  a  alngle  TNT- treated  clay 
replioate  of  the  plant  uptake  atudy. 

“C  analyala  of  2 -i  plant  aamolea.  Reaulta  of  *4C  analyeia  from 
extraction  of  2-g  plant  aamplaa  are  given  in  Table  41.  Carbon-14  waa 
detected  In  plants  grown  in  4ADNT-traatad  silt  only.  No  14C  was 
detected  in  any  other  treatments  nor  in  controls.  It  is  important  to 
recall  that  the  14C- label  was  on  the  methyl  group  of  the 
4ADNT- molecule.  The  methyl  group  is  susceptible  to  removal  by 
photochemical  processes.  The  possibility  of  detecting  degradation 
products  of  4ADNT  are  therefore  greater. 

Table  41 

14fi,Anilyila  at  .2-g,  flint  fiinalti* 

. . I"  —  ..  sat  - . . . . .  -  - - - cm . . 

Santra!  ..IKI  4ABHI.  fisntt&l  ...INI,,,  4AQHX 

ND**  B+  ND  B  4.78  A  ND  B  ND  B  ND  B 

*  Micrograms  of  treatment  compound  par  gram  of  oven- dry  plant 
material. 

**  Denotes  none  detected.  Detection  limits  were  0.01  ug/g  of  oven-dry 
plent  material. 

+  Values  given  are  moans  of  four  replicates,  each  of  which  was 

extracted  three  times.  Means  followed  by  the  same  letter  across  soil 
types  are  not  significantly  different  at  P  <  0.05  level. 

14C  analysis  of  all  remaining  plant  matarlal.  Table  42  shows 
results  of  *4C  analysis  of  all  remaining  plant  material.  No  statistical 
analysis  was  performed  on  the  data  due  to  the  absence  of  three  data 
cells,  two  within  a  single  treatment,  and  because  variances  lacked 


Cental  tnt  4  ABUT-  Cental  tht  AADHI 

ND**  44.374  33.00  NO  13.26  ND 

*  Mlcrograaa  of  treatment  compound  par  gram  of  oven* dry  plant 
material . 

**  Danoeaa  nona  datactad.  Dataotlon  limits  vara  0.01  ug/g  of  oven-dry 
plant  material. 

+  Valuaa  given  ara  maana  of  four  rapllcataa,  axoapt  for  allt  control 
and  allt  TNT,  which  contained  sufficient  plant  material  for  two  and 
three  rapllcataa,  respectively. 

homogeneity  even  after  several  transformations  of  the  data. 

Nevertheless ,  inspection  of  the  means  shows  that  was  detected  in 
plants  grown  in  TNT*  and  4ADNT*treated  silt  and  in  TNT*treated  clay. 
However,  uptake  levels  represented  leas  than  1  percent  of  the  total  14C 
available  in  each  pot  (based  on  T63  carbon  train  recoveries  from  soils) , 
Nevertheless,  these  results  Indicate  that  the  plant  did  taxe  up  labeled 
oompound(s)  from  the  TNT* treated  silt  and  clay  and  from  the 
4ADNT* treated  silt.  Lack  of  in  4AONT* treated  olay  may  reflect 
reduced  availability  to  the  plant  due  to  strong  adsorption  of  4ADNT  to 
the  clay.  Less  plant  uptake  of  from  TNT- treated  clay  than  from 
TNT*treatad  silt  also  supports  adsorption  as  a  mechanism  limiting  plant 
availability  of  TNT  in  the  clay,  Comparison  of  extraction  and 
carbon  train  results  for  4ADNT*treeted  clay  and  silt  (Table  33)  showed 
greater  retention  of  4ADNT  by  the  clay  at  T65. 

CLC  analysis.  The  data  preaentsd  In  Table  43  show  results  of  OLC 
analysis  of  plant  material.  The  only  compounds  deteoted  were  TNB,  TNT, 
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and  2ADNT,  Thaaa  compounds  wars  dataotad  In  plants  from  tha  TNT-  and 
4ADNT- treated  allt  and  clay,  but  not  In  thoaa  from  tha  2ADNT- treated 
aolla.  TNB  was  also  dataotad  in  tha  silt  control,  Thaaa  rasulta  ara 
qualitatlvaly  oonslstant  with  axtraotlon  data  of  all  remaining 
plant  matarlal  except  for  tha  detection  of  2ADNT  in  plants  grown  In  tha 
4ADNT*treated  clay  and  dataotlun  of  TNB  in  sll,t  controls.  No  was 
dataotad  In  thaaa  plants, 

Tha  prasanoa  of  TNB  In  plants  grown  In  tha  4ADNT- treated  silt, 
although  In  vary  limited  quantity,  may  support  photodacompoaltlon  of 
4ADNT  In  tha  silt, 

Recoveries  of  apikas  added  to  plant  samples  Immediately  prior  to 
extraction  for  OLC  analysis  ware  comparable  to  those  obtained  with 
soils,  with  tha  exception  of  tha  dlamlno  compounds  (2.4D6NT  and 
2 , 6D4NT) ,  No  2.4D6NT  was  recovered ,  and  only  4  percent  of  tha  2.6D4NT 
was  recovered.  It  Is  probable  that  thaaa  compounds  ware  lost  during  tha 
concentration  atap  prior  to  GLC  analysis  rather  than  during  GLC  analysis 
since  standard  preparations  of  tha  compounds  ware  stable  on  tha  GLC 
column. 

factors  Potentially  limiting  plant  untaka.  Limited  plant  uptake 
of  treatment  compound!  occurrad  during  this  study.  Howsvsr, 
analysts  damonstrsted  uptake  of  labeled  compound(a)  by  C.  asculantua 
from  both  the  allt  and  clay.  Carbon  14  analyala  indicated  datactlon  of 
tha  radioactive  isotope  only  and  did  not  Indicate  ths  Identity  of  tha 
compound(s)  of  which  tha  radlolaotopa  waa  a  part.  Therefore,  In  tha 
absence  of  GLC  detection,  tha  identity  of  tha  oompound(s)  actually 
praaant  In  the  plant  waa  unknown. 


Mor«  was  taksn  up  from  silt  chan  from  clay.  This  rssulc  Is  ac 
laast  partially  explained  by  tha  graatar  adsorpcion  and  oonsaquanc 
raduoclon  In  bloavallablllty  of  treatment  compounds  in  clay  chan  In 
sllc.  Carbon  Crain  results  indicatad  that  significant  adsorption  of 
treatment  compounds  ocourrad  in  both  soil  typos.  Comparison  of  **C 
results  whan  soils  ware  analysed  by  carbon  train  and  by  solvent 
extraction  (Tabla  33)  shoved  that  significant  levels  (roughly  30  -  43 
percent)  of  tha  ^C  remained  in  the  TNT*treated  soils  after  extraction. 
In  adsorption  studios  the  clay  soli  adsorbed  31,8  percent  of  the  TNT 
added  and  retained  23.4  percent  of  the  adsorbed  amount  (or  about  7.5 
percent  of  the  total  amount  added)  after  three  sequential  desorption 
cycles  (Table  16).  Comparison  of  results  of  the  soil  sorption  studies 
with  those  of  the  plant  uptake  study  suggest  a  discrepancy  between  tha 
short  term  (1  •  2  days)  and  the  long  term  (20  •  63  days)  adsorption 
steady  state  of  TNT  in  soils.  Such  a  discrepancy  Is  discussed  by 
Karlckhoff  and  Morris  (1985)  for  sorption  of  hydrophobic  organic 
pollutants  in  sediment  suspensions.  They  assert  that  when  only  changes 
In  aqueous  phaso  and/or  sorbed  phase  concentrations  are  measured,  then 
the  process  appears  complete  after  a  few  hours,  but  in  reality  it  may 
continue  indefinitely.  A  two -compartment  model  is  used  to  distinguish 
rapid  or  "labile"  exchange,  requiring  at  most  a  few  hours  to  achieve, 
from  highly  retarded  or  "nonlabila"  sorption  requiring  days  to  weeks  to 
oouur.  The  authors  suggest  that  an  Intraparticle  process,  whereby 
chemical  is  slowly  incorporated  into  either  particle  aggregates  or 
sorbent  components,  is  responsible  for  this  apparent  dichotomy  in 
behavior.  TNT  literature  also  supports  increased  adsorption  over  time 
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as  an  axplanatlon  for  lack  of  axtractabillty.  Cragln  at  al.  (1983) 
found  a  daoraaaa  In  recovary  of  TNT  from  aolla  and  aadlmanta  ovar  a 
7-day  atoraga  parlod.  In  aadlmanta  containing  59  paroant  moiatura,  only 
3  paroant  of  TNT  aplkaa  vara  raoovarad  by  aoatona  axtraetion  aftar  2 
daya.  Aftar  ruling  out  volatilisation  of  TNT,  tha  authors  attrlbutad 
this  loaa  to  adsorption.  It  should  bo  notad  that  volatilisation  of  TNT 
degradation  products  was  not  conaldarad.  In  tha  present  study,  tha  silt 
aliquot  oontalnad  oa.  37  percent  water  and  the  clay  contained  oa.  53 
percent  water  when  the  acetone  treatment  solution  was  applied.  Although 
the  treated  soil  allquota  wore  allowed  to  air-dry  Immediately  after 
treatment,  carbon  train  results  Indicated  that  significant  adsorption 
resulted  from  the  treatment  method  and  also  occurred  batween  TO  and  T20. 

Plant  uptake  was  also  limited  by  loss  of  treatment  compounds  from 
the  soils  prior  to  planting.  The  first  lndloation  of  thia  loss  was 
provided  by  results  from  the  soil  homogeneity  tost  in  which  percent 
recoveries  for  all  treatments  were  much  lower  than  expected.  One 
possible  mechanism  for  loss  of  treatment  compounds  is  photodecomposition 
during  treatment,  Even  though  efforts  were  made  to  protect  solutions 
from  expoaura  to  laboratory  lighting  (there  was  no  natural  light  in  tha 
laboratory)  by  storage  In  brown  bottles,  limited  exposure  was 
unavoidable.  Acetone,  the  solvent  of  choice  for  application  of  TNT, 
4ADNT,  and  2ADNT  to  the  soils  is  reported  by  Spanggord  et  al.  (1980b)  to 
be  a  triplet  exciter,  or  photoaensltlter .  These  investigators  observed 
a  more  rapid  loss  of  TNT  from  acetone  than  from  aqueous  solutions.  They 
reported  a  half-life  of  9  hr  for  100  ppm  TNT  in  0.10-percent  acetone 
solution  and  3  hr  in  a  1.0-percent  acetone  solution.  In  the  present 
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study,  ths  treated  soil  aliquots  contained  80  ug  of  traatmant  compound 
(a.g.,  TNT)  par  gram  of  soil  and  a  total  acatona  eoncantratlon  In  tha 
aquaous  phasa  of  approximately  0.3  and  0.1  paroant  for  silt  and  clay, 
raspaotlvaly.  (Tha  clay  required  more  water  to  produce  a  workable 
slurry  and  was,  consequently,  more  dilute  than  the  slit,)  If 
photodeoomposltlon  occurred  at  the  same  rate  as  reported  by  Spanggord  at 
al.  (1980b),  significant  amounts  of  the  TNT  could  be  photodeoomposed 
during  the  treatment  period.  Corresponding  data  for  4ADNT  ware 
unavailable.  However,  Burllnaon  et  al.  (1979)  found  In  one  study  that 
90  peroent  of  TNT  decomposed  after  1  hr  of  irradiation,  while  only  30 
paroant  of  4ADNT  and  20  percent  of  2ADNT  decomposed. 

Another  possible  mechanism  for  loss  of  treatment  compounds  from  the 
soil  Is  volatilisation.  TNT  is  not  considered  a  volatile  compound 
because  It  has  a  vapor  pressure  of  1,28  x  10‘ 6  torr  at  20.0°C  (Coates, 
Freedman,  and  Kuhn  1970;  Leggett,  Jenkins,  and  Kurrmann  1977.) 

However,  microbial  decomposition  products  as  well  as  photodecomposition 
products  of  TNT  may  be  volatile.  For  example,  Leggett,  Jenkins,  and 
Murrmann  (1977)  reported  the  vapor  pressure  of  2,4DNT  above  aolld  TNT  to 
be  2.2  x  10“5  torr  at  20°C  which  Is  nearly  20  times  higher  than  the 
vapor  pressure  of  TNT.  They  also  reported  that  the  concentration  of 
2.4DNT  exceeded  that  of  TNT  above  the  aolld  by  at  least  one  order  of 
magnitude.  Vapor  pressure  data  on  the  20  or  so  known  photodeoomposltlon 
products  of  TNT  could  not  be  found.  However,  It  Is  not  unreasonable  to 
assume  that  some  of  these  products,  for  example  the  benzenes,  would 
possess  higher  vapor  pressures  than  TNT.  Furthermore,  the  presence  of 
water  in  the  soil  Is  known  to  enhance  volatilization  of  pesticides 
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(Ouenzl  and  Baard  1974),  many  of  which  exhibit  vapor  pressures 
comparable  to  that  of  TNT.  It  is  therefore  possible  that 
photodecomposltion  followed  by  volatilisation  from  the  soil  during  the 
drying  of  treated  soil  allquota  in  shallow  pans  aeoounts  for  some  loss 
of  treatment  aompounds  and  the  consequent  low  recoveries  of  added 
compounds . 

Principal  known  degradation  products  of  TNT  were  detected  in  the 
soils  by  GLC  analysis,  but  were  found  in  the  plants  in  extremely 
limited  quantities,  Discrepancies  between  and  GLC  results  Indicate 
that  the  GLC  analytical  method  was  ineffective  for  plant  material. 
Inability  to  adequately  identify  compounds  in  the  plant  precluded  the 
drawing  of  conclusions  regarding  plant  levels  of  specific  compounds,  In 
the  soils,  TNT  was  degraded  to  4ADNT  and  2ADNT,  both  of  which  were  more 
stable  than  TNT.  However,  recoveries  of  by  carbon  train  analysis 
not  only  demonstrated  significant  adsorption  of  labeled  compounds  by  the 
soil,  but  also  indicated  significant  loss  of  treatment  compounds  from 
the  soils. 

Environmental 

laalUatlgiUL-Qi  Plant- Up, Ufa 

Adsorption  of  TNT  and  4ADNT  by  leafy  portions  of  C.  usculantus  Id 
minimal  at  the  soil  levels  utilized  in  this  study.  No  adsorption  by 
2ADNT  was  detected.  Soil  characteristics  exert  an  important  influence 
on  plant  uptaka  because  adsorption  to  certain  soil  fractions,  e.g., 
clays  or  organic  carbon,  reduces  bioavailability.  The  influence  of 
aoll  aorption  on  plant  uptake  may  become  leaa  important  as  soil  levels 
of  the  compounds  Increase.  That  is,  once  soil  sorption  reaches  a 
maximum,  more  compound  may  become  bloaveileble, 
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Limited  concentrations  of  TNT  and  4ADNT  in  the  leafy  portions  of 
the  plant  does  not  preclude  accumulation  in  lipid-rich  plant  parte, 
e.g.,  seeds  or  tubers.  The  compounds  may  be  transported  to  seeds  via 
passive  aqueous  transport  and  bioaccumulate  there  while  remaining  at 
relatively  low  concentrations  in  stems  and  leaves.  It  is  also  possible 
that  simple  partitioning  with  lipid-rich  tubers  occurs  in  the  soil.  The 
environmental  implications  of  bioaccuaulation  in  seeds  or  tubers  is 
significant  because  these  plant  parts  are  important  foods  for  wildlife. 


PART  V:  CONCLUSIONS 


Soils  from  the  Army  Ammunition  Plants  sampled  exhibited  a  broad 
range  of  physical  and  chemical  characteristics  except  for  their 
relatively  low  organic  carbon  and  clay  content.  Such  soil  properties 
are  generally  consistent  with  low  retention  of  organic  contaminants. 
Adsorption  of  TNT  to  the  AAP  soils  was  rapid  and  followed  the  Langmuir 
Adsorption  Isotherm  Model.  Adsorption  correlated  most  highly  with 
extractable  iron,  cation  exchange  capacity,  percent  clay,  and  percent 
organic  carbon.  Desorption  was  also  fairly  rapid.  After  three 
sequential  desorption  cycles,  an  average  of  12  percent  of  the  adsorbed 
TNT  remained  in  the  soil.  These  results  indicate  that  soil  sorption 
will  not  effectively  prevent  mobility  of  TNT  in  the  environment  unless 
adsorption  increases  over  extended  periods  of  time,  or  more  strongly 
adsorbing  degradation  products  are  formed. 

Redox  potential  and  pH  exerted  no  measurable  effect  on  adsorption 
or  desorption  of  TNT.  However,  a  trend  in  the  data  suggests  greater 
retention  of  TNT  by  reduced  than  by  oxidized  soil.  If  this  is  the  case, 
TNT  would  remain  somewhat  immobilized  if  buried  in  reduced  sediment, 
e.g.,  at  the  bottom  of  a  disposal  lagoon. 

Limited  uptake  of  TNT  and  4ADNT,  and  no  uptake  of  2ADNT  by  C. 
esculantus  waa  detected.  Availability  of  treatment  compounds  was 
probably  limited  by  loss  of  compounds  from  soils  by  volatilization  of 
microbial  and  photodegradation  products,  and  irreversible  adsorption  of 
compounds  and/or  their  degradation  products  to  soils.  Neither  TNT, 
4ADNT,  nor  2ADNT  became  concentrated  in  C.  anculentus.  It  is  unlikely 
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Chat  any  of  thaaa  compounds  present  a  problem  to  the  plant  at  the  levels 
tested.  However,  If  eoil  levels  ere  sufficiently  high  to  saturate  the 
adsorbing  components  of  the  soil,  plant  uptake  and  soil  mobility  may 
Increase.  Limited  concentrations  of  TNT  and  4ADNT  in  leafy  portions  of 
the  plant  does  not  preclude  accumulation  in  lipid-rioh  plant  parts, 
e.g.,  seeds  and  tubers. 

Since  ^C-iabeled  compounds  were  present  in  plants  in  quantities 
too  low  to  be  detected  by  GLC  analysis,  no  conclusion  can  be  drawn 
concerning  degradation  of  treatment  compounds  within  C.  esculentus. 
However,  in  the  soils  TNT  was  degraded  to  4ADNT,  and,  to  a  lesser 
extent,  to  2ADNT.  According  to  GLC  results,  4ADNT  was  more  stable  and 
persistent  in  the  soil  than  either  TNT  or  2ADNT.  Implications  are  that 
4ADNT  is  more  bioavallable  in  the  soil  than  TNT,  but  both  are  mobilized 
into  the  plant  to  a  limited  extent. 
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STANDARD  CURVES 
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treatment  solution 


Figure  A3.  Standard  curve  for  S  ug  TNT/ul 
treatment  solution 
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80UJTI0N  CONCENTRATION  (UQ  TNT/ml) 


Figura  Bl,  Olay  soil  dsta  plottsd  with  thras  isoehsra  modal* 
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Figur*  B2,  Cornhu*k«r*  AAP  data  plotted  with  thro*  iaothorm  modal* 
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Figura  B6,  Iowa  AAP  data  plottad  with  three  isotherm  model* 
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80LUTI0N  CONCENTRATION  (ug  TNT/ml) 


Figure  B7 ,  Kant as  AAP  data  plotted  with  three  isotherm  models 
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Figure  Bll.  Bedford  AAP  date  plotted  with  three  isotherm  models 
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Flgura  B13.  Silt  AAP  data  plottad 
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Figure  B14,  Voluntaer  AAP  data  plottrd  with  thraa  laotherm  models 


